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ABSTRACT: We developed a versatile stereoselective route for the synthesis of new 2′-(S)-CCG-IV analogues. The route allows 
for late stage diversification and thereby provides access to a great variety of conformationally restricted cyclopropyl glutamate 
analogues. A selection of the 2′-(S)-CCG-IV analogues were evaluated using two-electrode voltage-clamp electrophysiology at 
recombinant GluN1/GluN2A-D receptors, demonstrating that agonists can be developed with GluN2 subunit-dependent potency 
and agonist efficacy. We also describe a crystal structure of the GluN2A agonist binding domain in complex with 2′-butyl-(S)-
CCG-IV that determines the position of 2′-substituents in (S)-CCG-IV agonists in the glutamate binding site and provides further 
insight to the structural determinants of their agonist efficacy. The stereoselective synthesis described here enables versatile and 
straight-forward modifications to diverse analogues of interest for the development of potent subtype-specific NMDA receptor 
agonists and other applications.  
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Introduction 

N-methyl-D-aspartate (NMDA) receptors are a class of ion-
otropic glutamate receptors, widespread in the central nervous 
system, that mediate excitatory neurotransmission and are 
centrally involved in important biological processes, such as 
learning and memory. However, aberrant signaling by NMDA 
receptors has been associated with a variety of neurological 
and psychological disorders.1-2 

In their most common representation, these receptors form 
tetrameric assemblies comprised of two GluN1 and two 
GluN2A−D subunits and are activated upon binding of glycine 
and glutamate to GluN1 and GluN2, respectively.1-2 The strik-
ingly different spatiotemporal expression profiles of the four 
GluN2 subunits suggest different physiological roles both in 
normal and diseased states. For example, overactivation of 
GluN2B-containing extrasynaptic NMDA receptors, leads to 
neuronal death in cerebral ischemia.3 On the other hand, 
GluN2D-containing NMDA receptors in the subthalamic 
nucleus have been implicated in Parkinson′s disease.4  There-
fore, selective targeting of these sub-population of NMDA 
receptors could lead to more effective treatments. However, 

despite the extensive research efforts in the field over the past 
decades, there is still a significant sparsity of highly selective 
NMDA receptor ligands. 

The 2-(carboxycyclopropyl)glycine (CCG) analogues con-
stitute a group of natural products that selectively activate 
subgroups of glutamate receptors depending on stereochemis-
try.5 They have been lead structures for a number of selective 
glutamate receptor agonists and antagonists of which some are 
important tool compounds.6 (S)-CCG-IV is a highly potent 
receptor agonist at the glutamate site in GluN2A-D subunits, 
with a preference for GluN1/2D receptors over GluN1/2A 
receptors.7 We recently developed a series of 2′-alkyl-
substituted (S)-CCG-IV analogues that showed marked varia-
tion in both efficacy and potency among NMDA receptor 
subtypes, presumably as a result of the substituent in the 2′ 
position protruding into a region with structural variation 
between the GluN2 subunits.8 These results prompted us to 
investigate the effect of introducing polar functional groups in 
the same position of the (S)-CCG-IV scaffold. Here, we have 
aimed at establishing a robust, stereoselective route towards 
valuable intermediates bearing highly versatile functional 
groups at the 2′-position of the CCG moiety. The compounds 
developed in our study lay the foundation for future develop-
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ment of novel pharmacological tools for NMDA receptors via 
late-stage chemical modifications. 

Results and Discussion  

Chemistry. Our previously reported synthesis of 2′-
substituted (S)-CCG-IV analogues was based on a strategy 
starting with the α-amino acid with defined stereochemistry 
and from there building the rest of the molecule.8 Thus, a Still-
Gennari reaction9 at Garners aldehyde followed by lactonisa-
tion and iodination of the alkene provided 3 as a common 
intermediate. From here, substituents were introduced via a 
Negishi-type10 palladium catalyzed cross coupling, followed 
by cyclopropanation with diazomethane and then hydrolysis, 
oxidation and deprotection. This strategy suffered from low 
yields in the Negishi coupling with increasing bulk in the 
substituents and from having four steps after the introduction 
of substituents, which made it impractical for larger series of 
analogues (Scheme 1). We therefore decided to explore the 
possibility to establish a new synthetic strategy with focus on 
late stage diversification and less sensitivity to the nature of 
substituents. Ideally, reactions that introduced varying substit-
uents in the last step were desirable. 

 

Scheme 1: Retrosynthetic representation of the previously report-
ed Route 1 and the new Route 2 developed for the synthesis of 
CCG analogue 1.  

We envisioned that this could be done performing Huisgen 
cycloadditions11 or Bertozzi-type Staudinger ligations12 with 
an azidomethyl substituent or thiol-alkylations; reactions that 
might tolerate the presence of free amino and/or acid groups. 
Such substituents could not be introduced with the previously 
reported synthesis, and we decided to develop a new synthetic 
route, in which the synthesis started from lactone 5 that can be 
obtained stereochemically pure from epichlorohydrin13, fol-
lowed by transformation of the alcohol to an azide or a thiol 
moiety. Ring opening of the lactone to an alcohol (4), oxida-
tion, Strecker reaction and hydrolysis provide stereoselectively 
compounds 18a and 27. 

The starting point for the new asymmetric synthesis of 2′-
substituted (S)-CCG-IV analogues was the conversion of 
optically active (R)-epichlorohydrin with diethylmalonate to 
lactone 6. This reaction is previously reported to give a yield 
of 67%13, but we were unable to obtain more than 50% yield. 
On the other hand, in the next step the reduction of the ester in 
6 to an alcohol, was previously reported to yield 62%, but 
adding 1 eq. of CaCl2 with NaBH4 and isolating the product 
with continuous extraction improved the yield of lactone 5 to 
94% (Scheme 2). 

 

Scheme 2: Formation of intermediate alcohol 5 and tosylate 8. 
The chloride impurity 9 under initial tosylation conditions is also 
shown. Reagents and conditions: (a) i) Na, CH2(CO2Et)2, EtOH, 
0°C, over 35 min; ii) (R)-epichlorohydrin, reflux overnight; (b) i) 
NaOH, EtOH, rt, overnight; ii) NaBH4, CaCl2, reflux, 3 h; iii) 
HCl, 0°C-rt, overnight; (c) I2, Ph3P, imidazole, DCM, rt, 4 h; (d) 
TosCl, Et3N, DMAP, THF, rt, 42 h; e) TosCl, Et3N, DMAP, 
DCM, rt, overnight. 

The alcohol moiety in 5 was then converted into a leaving 
group for further modification. We first attempted to convert 
the alcohol to the iodo compound 7 using PPh3, I2 and imidaz-
ole, but with only 15% yield. Next, we attempted forming the 
tosylate using Tos-Cl and DMAP in DCM, but this provided a 
mixture of tosylate 8 (46%) and Cl-substituted 9 (33%) 
(Scheme 2). Although the yield is quite good and both com-
pounds can be substituted, the use of a mix is impractical. 
Changing the solvent to THF improved the yield of tosylate 8 
to 67%, which was readily purified with simple washings in 
heptane. 

With common intermediate 8 in hand, we explored a route 
for the azido-substituted CCG analogue (10). Tosylate 8 was 
substituted with NaN3 in DMSO in 74% yield, but the DMSO 
made purification difficult. We then changed the solvent to 
THF/H2O (8:2) mix14, which improved the yield to 98% and 
made the purification very feasible, since pure azide 10 was 
obtained upon extractions in EtOAc (Scheme 3).  

 
Scheme 3: Formation of azide 10 and subsequent ring opening 
strategies. Aldehydes 12 and 16 were reacted in a Strecker reac-
tion to yield aminonitriles 13 and 17 respectively. Impurity 14 
appeared only during the initial experimental conditions. Reagents 
and conditions: (a) NaN3, H2O, THF, reflux, 90 min; (b) Et2NH, 
AlCl3, PhCH3, 110 min; (c) (COCl)2, DMSO, Et3N, an. DCM, -
78°C, 1h; (d) NH4Cl, KCN, MeOH, 24 h;; (e) i) MeOH, NaOH, 
H2O, 2 h; ii) Me2SO4, DMSO, PhCH3, 2 h; (f) DMP, DCM, 12 h; 
(g) NH4Cl, KCN, an. MeOH, 24 h. 

Upon introduction of the azide, various ring openings of the 
lactone were explored to enable the continued modification of 
the alcohol into the amino acid moiety. The ester 15 could be 
formed but was not stable and reverted to the lactone upon 



 

storage (Scheme 3). Therefore, we also explored the possibil-
ity of forming diethyl amide 11.Treatment of 10 with Et2NH 
and AlCl3 gave 11 in 77% yield.15 We then tried Dess-Martin 
oxidation to aldehyde 12.16 This proceeded in 31% yield and 
the purification turned out to be troublesome. Using Swern 
conditions also gave a low yield initially (34%), but with 
facile purification.17 Optimization of the Swern conditions 
(distillation of reagents and increasing the DMSO from 6 to 10 
eq.) improved the yield to 97% and the product was pure after 
a simple work up.  

The aldehyde was then subjected to typical Strecker condi-
tions, and gave crude aminonitrile 13 in estimated quantitative 
amounts as a diastereomeric mix in varying ratios around 
approx. (1:1) of the two diastereomers (Scheme 3).18 However, 
attempts to purify the aminonitrile with column chromatog-
raphy compromised the yield due to reversal to the imine and 
aldehyde on column. We therefore decided to hydrolyze the 
crude mix to the amino acid. Acidic hydrolysis over 24 h 
yielded the product in low yield (<10%). Extending the hy-
drolysis lowered the yield due to degradation of the final 
product, whereas shorter hydrolysis times gave an incomplete 
reaction leading to a complex mix. Initial hydrolysis of the 
amide group of 13 in a basic solution of H2O2

19 and subse-
quent hydrolysis in HCl was also tried unsuccessfully. In 
particular, the hydrolysis of the diethyl amide 11 seemed to be 
problematic and we therefore explored whether pursuing the 
route of ester 15 would be better. In this case, the oxidation of 
the crude alcohol immediately after its formation using Dess-
Martin oxidation conditions successfully yielded aldehyde 16. 
Optimization of the conditions proved that the reaction was 
very sensitive to excess of base. Using 1.4 equivalents of 
NaOH followed by addition of Me2SO4 gave a low yield due 
to formation of 14. Reducing the base to 1 eq. more than tri-
pled the reaction′s yield. Thus, aldehyde 16 can be synthesized 
from lactone 10 in a 2-step reaction in 65% yield without need 
for column chromatography purification (Scheme 3). 

The aldehyde was then subjected to Strecker conditions and 
the crude mixture was subjected to hydrolysis to yield 18a. 
The 2-step reaction yield from aldehyde 16 varied between 5-
20%. Clearly, the ester was rapidly hydrolyzed, but the reac-
tion was compromised by intramolecular lactam formation 
resulting in 19 (Scheme 4). The racemic mix was subjected to 
reverse phase HPLC by which the most abundant isomer with 
S-configuration at the α-amino acid was eluting first. This 
enabled isolation of clean fractions of this diastereomer 
whereas the epimeric amino acid was eluting later with con-
tamination of the other diastereomer. Thus, we had succeeded 
in establishing a synthesis of the azido substituted CCG 18a 
(Scheme 4). 

 

 

Scheme 4: Hydrolysis of aminonitrile 17 to 18a and cyclization 
experiments of 18a. Reagents and conditions: (a) HCl 8N, 48 h, 

70°C (b) SOCl2, MeOH, reflux, 17h (c) K2CO3 1M, 5 min (d) HCl 
6N, 85 min. 

To establish the stereochemistry, we tried to form the lactam 
by treating 18a with thionyl chloride according to previous 
procedure.20 However, this did not give the lactam in a satis-
factory yield. We therefore proceeded with a Fischer esterifi-
cation in MeOH yielding 20, that upon treatment with base 
spontaneously cyclized to the desired lactam as methyl ester 
21. Acidic hydrolysis of 21 resulted in lactam 22a (Scheme 4). 
Through computational analysis providing the low energy 
conformation of diastereomers 22a and 22b, we calculated the 
dihedral angles of the C-H bonds of carbons 1,2 in the two 
diastereomers to be 32.2° and 94.5°, for the S (22a) and R 
(22b) diastereomers, respectively. The corresponding vicinal 
coupling constants of the adjacent Hs were predicted to be 3J = 
6.5Hz in 22a and 3J = 0.8Hz in 22b, as expected from the 
Karplus curve (Scheme 5). 

 
Scheme 5: Stereochemistry of compounds 18a and 18b based on 
the vicinal coupling constants (3J) of the hydrogens on carbons 
1,2 in their cyclized lactam form (22a, 22b). The predicted values 
based on the Maestro software are shown here. The corresponding 
dihedral angles of the C-H bonds of carbons 1,2 are also shown. 

We then proceeded to synthesize a diastereomeric mix of 
the lactam. COSY experiments revealed that in one diastere-
omer, there was no coupling in the Hs of C1 and C2 (3J = 0 
Hz), while in the other one the Hs coupled with a 3J = 5.1 Hz. 
We could therefore assign the S and R configuration on the C2 
of each of the diastereomers 22a and 22b of the synthesized 
mix (Scheme 5). 

In the lactam produced from the ring closure of compound 
18a, the vicinal 3J was 6.3 Hz, very close to the predicted 
value. Therefore, the lactam bears the S configuration on C2 
(22a) and compound 18a is the desired S diastereomer (re-
garding the α carbon). 

Further validation of our observations came from the elution 
order of 18a and its epimeric amino acid 18b on a chiral 
HPLC column. The L-form of α-amino acids generally elutes 
before the D-form on a CR (-) Crownpak chiral column, corre-
sponding to the (S)- and (R)-enantiomer, respectively.21-22 It is 
expected that epimeric amino acids on the α carbon will be-
have in the same way. Indeed, the elution time for 18a on a 
CR (-) Crownpak was tR = 5.68 min and for 18b tR = 13.77 
min. When the compounds were submitted to a CR (+) 
Crownpak the elution order was reversed as expected. 

We also pursued the formation of the 4-thiomethyl substi-
tuted CCG analogue. In this case, the synthetic route started 
with substitution of tosylate 8 with tritylmercaptan to yield 
compound 23 in 94% yield. The lactone was ring-opened as a 
methyl ester 24 in 73% isolated yield (Scheme 6). This rapidly 
re-lactonized upon standing as observed for the azido deriva-
tives. Therefore, we again proceeded to rapidly oxidize the 



 

crude alcohol to aldehyde 25 in a 2-step procedure. At first, 
we tried Dess-Martin oxidation conditions. This however, led 
to oxidation of sulfur to the sulfone and sulfoxide byproducts, 
which compromised the yield. We therefore turned to Swern 
oxidation which initially yielded aldehyde 25 and its depro-
tected form since the trityl group was removed under the con-
ditions of the reaction.17 Upon increasing the Et3N used in the 
reaction to 20 eq., only aldehyde 25 was produced in an over-
all 2-step 24% yield from lactone 23 (Scheme 6). 

 
Scheme 6: Synthetic route for the thiol derivative 27. Reagents 
and conditions: (a) Ph3CSH, KOtBu, THF, 20 h; (b) i) MeOH, 
NaOH, H2O, 2 h; ii) Me2SO4, an. DMSO, PhCH3, 2 h; c) (COCl)2, 
DMSO, Et3N, an. DCM, -78°C, 1 h; (d) NH4Cl, KCN, an. MeOH, 
THF, 24 h; (e) N2 degassed HCl, 75°C, 26 h. 

Strecker reaction of aldehyde 25 yielded aminonitrile 26 

which was then hydrolyzed crude in acidic conditions. It 
turned out to be important to degas the HCl solution in N2 over 
several minutes, to avoid disulfide dimer formation, due to the 
facile oxidation of the thiol group. Compound 27 was there-
fore successfully synthesized in a 2-step 10% yield from alde-
hyde 25. The final amino acid was produced in a 5:1 (S/R) 
mixture where the S-isomer again was eluting first in reverse 
phase HPLC (Scheme 6). 

Having successfully synthesized compounds 18a and 27 we 
decided to further explore the scope of this stereoselective 
route by introducing a hydroxy group as well as ether substitu-
ents in the 4-position of the (S)-CCG-IV moiety. 

We therefore synthesized the hydroxymethyl, the al-
lyloxymethyl and the benzyloxymethyl CCG analogues 
(Scheme 7). The allyloxymethyl analogue 28a was formed by 
reacting 5 with allylbromide in the presence of NaH in a 60% 
yield. Introduction of the BnOCH2- group in compound 28b 
was achieved after reaction of alcohol 5 with freshly prepared 
benzyltrichloroacetimidate in a 78% yield (Scheme 7).23-24 
Ring opening of both lactones and oxidation to aldehydes 30a 
and 30b was performed under the usual conditions (the same 
as for compounds 19a and 28), with the respective 48% and 
60% 2-step yields from the starting lactones 28a and 28b. 

 
Scheme 7: Synthesis of the allyloxymethyl (32a), benzyloxyme-
thyl (32b) and hydroxymethyl (32c) (S)-CCG-IV analogues. 

Reagents and conditions: (a) C3H5Br, NaH, an. DMF, 4 h for 28a; 
(b) BnOC(NH)CCl3, TfOH, an. 1,4-dioxane, 2 h for 28b; (c) i) 
MeOH, NaOH, H2O, 2 h; ii) Me2SO4, an. DMSO, PhCH3, 2 h; (d) 
DMP, an. DCM, 2.5 h; (e) NH4Cl, KCN, an. MeOH, 24 h for 31a 
and 31b; (f) NaOH, 70°C, 40 h for 32a; (g) HCl, 70°C, 4 h for 
32b 40 h for 32c. 

Subsequent Strecker reaction and acidic hydrolysis of ben-
zyl analogue 30b resulted in 32b in a 2-step 34% yield. After 
the Strecker reaction of 30a, the crude mix was subjected to 
either acidic or basic hydrolysis. In acidic conditions the alco-
hol 32c was predominantly formed in 17% yield. In basic 
hydrolysis 32a was produced in 10% yield (Scheme 7). Upon 
HPLC purification, as was the case with compounds 19a and 
28, the S diastereomer of the α-amino acid was eluting first for 
compounds 33a and 33c. The separation of the benzyloxy 
analogue 33b proved more challenging and it was ultimately 
synthesized as a 1:1 mixture of diastereomers.  

We then decided to explore the possibility of increasing the 
overall yield of the synthetic route by incorporating an enanti-
oselective Strecker reaction in our synthetic scheme. For this 
purpose, we used R-phenylglycinol as the chiral auxiliary. 

 

 
Scheme 8: Alternative synthetic route towards analogue 27 by use 
of an asymmetric Strecker reaction. Reagents and conditions: (a) 
Et2NH, AlCl3, PhCH3, 24 h; (b) (COCl)2, DMSO, Et3N, an. DCM, 
-78°C-rt, 2 h (c) R-phenylglycinol, TMSCN, MeOH, 72 h; (d) i) 
Pb(AcO)4, MeOH, 0 °C, 20 min; ii) HCl, 70°C, 72 h. 

The reaction was first tried on the thiol analogue 34 
(Scheme 8). Diethylamide 33 was formed in 93% yield after 
reaction of lactone 23 with Et2NH in the presence of AlCl3. 
The subsequent oxidation to the aldehyde was first attempted 
unsuccessfully under DMP conditions. We therefore turned to 
the Swern oxidation. Using 1 eq. oxalyl chloride gave the 
desired aldehyde 34 in 38% yield and about 20% starting 
material was recovered. Increasing to 5 eq. of oxalyl chloride 
gave a lot of byproducts but by adjusting to 2 eq. and slowly 
heating from -78 to first 0°C and then to r.t., the yield in-
creased to 91% (Scheme 8). Aldehyde 34 was then reacted 
with R-phenylglycinol for 2h in MeOH and then TMSCN was 
added at 0 °C.25 We observed a kinetic/ thermodynamic rela-
tionship for the two diastereomers of the reaction: allowing the 
mix to react for less than 30 min resulted in the R diastere-
omer. Surprisingly, when the mix was reacted for 3 days only 
the desired S aminonitrile 35 was formed in 64% yield. The 
aminonitrile was then treated with Pb(OAc)4 in MeOH and 
hydrolyzed immediately after in HCl 6N. After HPLC purifi-
cation the final amino acid 28 was produced predominantly in 
its dimeric form (36) in a low yield (Scheme 8). This alterna-
tive route is currently under optimization to increase the yield 
and suppress dimerization. This route is thus expected to give 
access to intermediate 27. 



 

We also attempted the asymmetric Strecker reaction on the 
azide aldehyde 12 that proved more troublesome. After 
screening various reaction solvents such as MeOH, DCM, 
THF, ACN, IPA and t-BuOH, the alcoholic solvents being 
sterically hindered to prevent acetal formation, t-BuOH gave 
the best results yielding the desired aminonitrile in the silyl 
ether form (37) (Scheme 9). Contrary to literature reports26, we 
observed a slight compromise in the reaction′s diastereoselec-
tivity due to the presence of this silyl ether, but decided to 
proceed with this route. Subsequent reaction of 37 with 
Pb(OAc)4 and acidic hydrolysis following the procedure used 
for analogue 35 failed to cleave the chiral auxiliary.  

 
Scheme 9: Alternative synthetic route towards analogue 19 by use 
of an asymmetric Strecker reaction. Reagents and conditions: (a) 
R-phenylglycinol, TMSCN, t-BuOH, 27 h; (b) HCl, 70°C, 8 h; (c) 
i) Pb(OAc)4, 0°C, 30 min; ii) H2O, 0°C-rt, 10 min; (d) HCl, 70°C, 
8 h. 

We next tried to fully hydrolyze 37 before cleaving the aux-
iliary. Hydrolysis in HCl 8N for 8h at 75°C yielded carboxylic 
acid 38 as well as the lactone byproduct 38a each as one major 
diastereomer, easily separated from its epimer in reverse phase 
HPLC (Scheme 9). The results emphasized again the difficulty 
of hydrolyzing the diethylamide group, as was observed for 
analogue 12. Subsequent oxidative cleavage was successful 
upon increasing Pb(OAc)4 to 2 eq. Immediate hydrolysis of 
the crude mix resulted in amino acid 39 as well as its methyl 
ester 40 in a 30% yield (Scheme 9). We hypothesized that the 
amino acid 38 could coordinate to the Pb metal, which com-
promised the reaction′s yield. However, efforts to optimize the 
oxidative cleavage using a metal scavenger proved unsuccess-
ful.  

Further hydrolysis of the mix of 39 and 40 yielded amino 
acid 18. Unfortunately, the yield was very low and thus a 
stereochemical assessment was not possible. Our experience 
with the thiol analogue 27 as well as literature reports, point to 
the desired S stereochemistry on the α carbon. 

The stereochemistry of compounds 27, 32a, 32b and 32c 
was assessed on 2 general trends observed for these CCG-IV 
analogues, including compound 18a where the stereochemis-
try was established from the coupling constants of 22a and 
22b. The S epimer was eluting before the R epimer in reverse 
phase HPLC purification. More importantly, there was a clear 
correlation between the carbon peaks of the cyclopropyl car-
bons in the NMR and the stereochemistry of the α carbon of 
these amino acids. In particular, the C1′ and C2′ peaks had a 
larger ppm difference in the S diastereomer whereas their 
peaks were closer in the R epimer in the 13C spectrum (Scheme 
10). For the azide analogue epimers 18a and 18b (Scheme 5) 

the values were: 3.0 ppm (S) and 0.7 ppm (R). In the case of 
thiol 27 (Scheme 6) it was 3.5 ppm for the S and 3.0 ppm for 
the R diastereomer. 

 
Scheme 10: S, R epimers of the CCG-IV analogues synthesized in 
this study. 

Pharmacology. The synthesized compounds were evaluated 
in electrophysiological recordings from recombinant 
GluN1/GluN2A-D receptors (Figure 1 and Table 1). 

 

Pharmacological data for CCG analogues synthesized  

compound R subtype EC50 

(μM) 

Relative  

Efficacy (%) 

18a N3 GluN1/2A 4.5 81.7 

  GluN1/2B 0.9 92.6 

  GluN1/2C 2.7 62.7 

  GluN1/2D 0.4 76.9 

27 SH GluN1/2A 4.8 87 

  GluN1/2B 1.0 103 

  GluN1/2C 2.5 86 

  GluN1/2D 0.3 93 

32a O-allyl GluN1/2A 3.7 73.9 

  GluN1/2B 1.5 111.2 

  GluN1/2C 2.6 84.9 

  GluN1/2D 0.7 98.7 

32b OBn GluN1/2A NA NA 

  GluN1/2B NA NA 

  GluN1/2C NA NA 

  GluN1/2D NA NA 

32c OH GluN1/2A 3.0 91.0 

  GluN1/2B 1.1 116.5 

  GluN1/2C 1.9 98.2 

  GluN1/2D 0.4 104.5 

2′-butyl-(S)-CCG-IV n-Pr GluN1/2A 30 65 

  GluN1/2B 10 107 

  GluN1/2C 16 85 

  GluN1/2D 3.3 94 

(S)-CCG-IV H GluN1/2A 0.26 99.0 

  GluN1/2B 0.08 123.0 

  GluN1/2C 0.11 90.0 

  GluN1/2D 0.03 111.0 

Table 1: Pharmacological results for the CCG analogues syn-
thesized during this study determined using two-electrode volt-
age-clamp recordings at recombinant GluN1/GluN2A-D receptors 
expressed in Xenopus oocytes. Responses to increasing concentra-
tions of the compound were normalized to maximal activation by 
100 µM glutamate in the same recording and in the continuous 
presence of 100 µM glycine. Data for 18a, 27, and 32a-c at the 
individual subtypes are averages from 4 oocytes and Hill slopes 



 

are 1.1-1.6. Data for 2′-butyl-(S)-CCG-IV are from Risgaard et 
al.8 and data for (S)-CCG-IV are from Erreger et al.7 

 
Figure 1: Concentration-response data for CCG analogues deter-
mined using two-electrode voltage-clamp recordings at recombi-
nant GluN1/GluN2A-D receptors. Responses were normalized to 
maximal activation by 100 µM glutamate in the same recording 
and in the continuous presence of 100 µM glycine. See Table 1 
for EC50 values and relative agonist efficacies. 

Compounds 18a and 27 are partial NMDA receptor agonists 
with GluN2 subunit-dependent potency and relative efficacy 
compared to maximal glutamate activation. Despite being less 
potent than the lead compound (S)-CCG-IV, these results 
suggest a small group of polar nature is well tolerated in the 
binding pocket. The allyloxymethyl (32a) and the hydroxyl 
analogues (32c) are full agonists (relative efficacies 98.7% and 
104.5%, respectively) at the GluN1/2D subtype, but superago-
nists with a higher efficacy relative to glutamate at GluN1/2B 
(relative efficacies 111.2% and 116.5%, respectively). It is 
noteworthy that the benzyloxymethyl analogue 32b showed no 
activity, indicating that such a large lipophilic group is not 

tolerated in the GluN2 binding pocket. These observations 
lend credence to the hypothesis that further functionalization 
of the polar moiety on the 2′ position could result in more 
favorable interactions with the receptor and thereby increase 
the potency and selectivity. 

X-ray crystallography. We have previously used molecu-
lar docking studies to hypothesize that substituents in the 2′-
position of (S)-CCG-IV protrude into a region of the agonist 
binding pocket where structural differences exist between 
GluN2 subunits.7 Furthermore, this region occupied by sub-
stituents in the 2′-position of (S)-CCG-IV was suggested to 
overlap with the position of substituents in the 4-position of 
(RS)-2-(N-hydroxypyrazol-5-yl)glycine (RS-NHP5G) demon-
strated in crystal structures of the isolated GluN2A and 
GluN2D agonist binding domains (ABDs) in complex with n-
propyl-NHP5G (Pr-NHP5G).27-28 To directly determine the 
position of 2′-substituents in (S)-CCG-IV analogs, we deter-
mined a crystal structure of the isolated GluN2A ABD in 
complex with the previously published agonist, 2′-butyl-(S)-
CCG-IV,  at a resolution of 2.3 Å (Figure 2 and Table S1).8 

 

In crystal structures of the GluN2A ABD, both glutamate 
and Pr-NHP5G bind in the interdomain cleft formed by the 
two lobes, D1 and D2, of the clamshell-like ABD (Figure 2).29-

30 In crystallographic studies of GluN2 ABDs, it has been 
shown that agonists and antagonists stabilize closed and open 
conformations of the clamshell-like ABD, respectively.31-33 
Here, we demonstrate that 2′-butyl-(S)-CCG-IV binds the 
GluN2A ABD to stabilize a closed conformation that is virtu-
ally indistinguishable to the conformation in glutamate and Pr-
NHP5G bound GluN2A ABD structures (Figure 2Β). The 
structure bound to glutamate can be superimposed to the struc-
ture bound to 2′-butyl-(S)-CCG-IV with a root-mean-square 
distance of 0.22 Å over 255 Cα positions in both D1 and D2 of 
GluN2A ABD. Similarly, the GluN2A ABD structure bound 

Figure 1: (A) Crystal structures of the isolated GluN2A agonist binding domain (ABD) bound to 2′-butyl-(S)-CCG-IV solved at 2.3 Å 
resolution. The N-terminus (NT) and C-terminus (CT) that connect to the amino-terminal domain and transmembrane domain, respec-
tively, are indicated. The GluN2A ABD has a clamshell-like architecture composed of the upper D1 lobe and lower D2 lobe. Agonists, 
including 2′-butyl-(S)-CCG-IV (yellow), bind in the cleft between D1 and D2. (B)  Structural comparison of GluN2A ABD structures 
bound to 2′-butyl-(S)-CCG-IV (orange), glutamate (lime green; PDB ID 2A5S), and Pr-NHP5G (cyan blue; PDB ID 4JWX). The 
structures are superimposed with root-mean-square distances of 0.22 Å and 0.24 Å over 255 Cα positions. (C) Electron density for 2′-
butyl-(S)-CCG-IV shown as Fo-Fc omit difference Fourier map contoured at 3.0 σ. (D) Detailed view of the GluN2A agonist binding 
pocket with 2′-butyl-(S)-CCG-IV. Binding of 2′-butyl-(S)-CCG (yellow sticks) involve residues from both D1 and D2 and water 
molecule (only W1 is shown; red sphere). Dashed lines represent polar interactions. (E) Overlay of the GluN2A agonist binding pock-
et with 2′-butyl-(S)-CCG, glutamate, and Pr-NHP5G. Density for two conformations of Pr-NHP5G is observed in the crystal structure 
(PDB ID 4JWX). The butyl group in 2′-butyl-(S)-CCG-IV is overlapping with the propyl group of Pr-NHP5G and orientated to favor 
formation of Van der Waal contacts with the side chain of GluN2A Val685. 



 

to Pr-NHP5G can be superimposed to the 2′-butyl-(S)-CCG-
IV bound structure with a root-mean-square distance of 0.24 Å 
for 255 Cα positions. 

 

Clear electron density is observed for the butyl group in the 
2′-position of the ligand (Figure 2C). Detailed inspection of 
the binding site reveals a marked similarity in the mode of 2′-
butyl-(S)-CCG-IV in the GluN2A ABD with the binding 
modes of glutamate and Pr-NHP5G (Figure 2D, E). Further-
more, the position of this butyl group in 2′-butyl-(S)-CCG-IV 
is overlapping with the position of the propyl group of Pr-
NHP5G (Figure 2E). The butyl group is orientated to favor 
formation of Van der Waal contacts with the side chain of 
GluN2A Val685. We have previously hypothesized that that 
the relative agonist efficacy is reduced when the extent of 
steric clash (i.e., Van der Waal interaction) between agonists 
and GluN2A Val685 is increased.8, 34 This hypothesis is con-
sistent with the lower agonist efficacy of 2′-butyl-(S)-CCG-IV 
compared to agonists 27 and 32c with smaller 2′-substitutions 
and the loss of agonist activity for 32b with a bulky 2′-
substitution (Table 1). In this regard, the relative agonist effi-
cacies of 32a and 2′-butyl-(S)-CCG-IV are comparable at the 
different NMDA receptor subtypes, consistent with the similar 
sizes of their 2′-substitution (Table 1). Thus, the crystal struc-
ture of the GluN2A ABD in complex with 2′-butyl-(S)-CCG-
IV demonstrate the position of 2′-substituents in (S)-CCG-IV 
agonists and provide further insight to the structural determi-
nants their agonist efficacy. Furthermore, the 5- to 8-fold 
increased potency of 32a compared to 2′-butyl-(S)-CCG-IV 
suggests that when similar in size, more polar 2′-substitution 
in 32a is more favorable in the agonist binding pocket com-
pared to the non-polar substitution in 2′-butyl-(S)-CCG-IV. 

 

Conclusions 

We have presented the development of a stereoselective 
synthetic route towards 2′-substituted (S)-CCG-IV analogues 
(Scheme 1). The route starts with optically active epichloro-
hydrin, and since several of the steps employ simple washings 
this route can be readily scaled up.  

Our studies resulted in a small series of (S)-CCG-IV ana-
logues and pharmacological characterization showed that 
introduction of small polar substituents in the 2′ position of 
(S)-CCG scaffold is well tolerated in the binding pocket of 
GluN2. The potency and agonist efficacy varied among GluN2 
subtypes and further underlines that molecular variation in this 
area of the receptor may lead to novel selective agonists.  

The synthetic route enables the introduction of azido (in 
18a) and thiol functionalities (in 27) that are compatible with 
further modification in the presence of an unprotected amino 
acid group. This allows for late stage modification and the 
compounds can be modified to a range of analogues by use of 
the Huisgen cycloaddition reaction or the Bertozzi-type 
Staudinger ligation methods. Initial experiments on these 
modifications showed promising results and more investiga-
tions are under way. The robustness of this route was also 
verified by the synthesis of compounds 32a, 32b and 32c 
where it was shown that a great number of diverse substituents 
can be introduced in position 2′ of the (S)-CCG-IV moiety. 

The X-ray crystallographic studies showed that introduction 
of small substituents of polar nature in the 2′ position of (S)-

CCG scaffold is well tolerated in the binding pocket of GluN2, 
paving the way for novel selective agonists. Previous observa-
tions on the importance of Val685 in the ABD of GluN2 is 
further validated by these newly synthesized analogues, and 
this structure validates the results from docking studies, which 
supports the use of molecular modeling in the design of future 
ligands. 

 

Experimental section 

 

Chemistry. Chemicals were used without further purifica-
tion unless otherwise stated. Anhydrous reactions were carried 
out in oven or flame dried glassware under nitrogen or argon 
atmosphere. Chromatographic grade solvents were used dried 
over molecular sieves 3 or 4 Å, purified in a Waters SG sol-
vent purification system (only for DCM, THF) or distilled 
(only if specifically stated). TLC plates used: TLC Silica gel 
60 F254, Merck pre-coated plates. The plates were developed 
in the system stated for each compound and visualized either 
in the UV lamp, in KMnO4 stain or in ninhydrin stain. Flash 
chromatography purification of compounds was performed 
according to the established procedures where loading of 
compounds was done either directly in a suitable solvent or 
after dry mixing with celite. The column was run in air pres-
sure or under vacuum using silica gel 60 (40-63μm and 15-40 
μm, respectively). 

Purity was determined by HPLC and inspection of NMR 
spectra. IR was recorded neat on a Perkin-Elmer Spectrum 
One fourier-transform (FT)-IR spectrometer with a universal 
ATR accesort. The signals (vmax) are reported in wavenumbers 
(cm-1). Samples were either loaded directly onto the analysis 
plate (solids) or dissolved in deuterated solvents (CDCl3 or 
D2O) before dropwise loading. (MeOD caused interference-to 
be avoided). NMR spectra were recorded on 400 or 600 MHz 
Bruker instruments. The obtained FID files were processed 
with Mnova 10 software. Signals are reported in ppm (δ) using 
the solvent as reference (except for 13C spectra in D2O). Cou-
pling constants are given in Hertz (Hz). Multiplet patterns are 
designated the following abbreviations, or combinations of 
these: m – multiplet, s – singlet, d – doublet, t – triplet, q – 
quartet. Signal assignments were made from chemical shifts 
and indications were verified by COSY (Homonuclear Corre-
lation Spectroscopy) and HSQC (Heteronuclear Single Quan-
tum Correlation) experiments when possible. In cases of pro-
tons on the same carbon with different shifts, protons are 
assigned an a or b to differentiate between the two. 

Analytical High Performance Liquid Chromatography (an. 
HPLC) 

System A: Analytical HPLC was performed using a LaCh-
rom HPLC system by Merck (Darmstadt, Germany), consist-
ing of an L-7100 pump (4.0 ml/min), an L-7200 autosampler, 
and an L-7400 UV-detector (254 nm) using a Chromolith 
SpeedROD RP-18 column (4.6 × 50 mm); gradient elution, 0 
to 100 % solvent B (MeCN-H2O-TFA 90:10:0.1) in a 1:1 
mixture of H2O-MeCN over 3.5 min. Data were acquired and 
processed using the EZChromElite Software by Hitachi.  

System B: Analytical HPLC was carried out on a Dionex 
UltiMate HPLC system consisting of an LPG-3400A pump (1 
ml/min), a WPS-3000L autosampler, and a DAD-3000D diode 
array detector (214, 254nm), using a Gemini-NX C18 column 
(4.6 × 250 mm, 3 μm, 110Å); Mobile phase A:  0.1% TFA, 



 

100% H2O (v/v). Mobile phase B:  0.1% TFA, 10% H2O, 90% 
MeCN (v/v/v). Gradient: 0-1 min 0-5% MP B, 1-10min 5-
10 % MP B. Data were acquired and processed using the 
Chromeleon Software v. 6.80. 

Preparative High Performance Liquid Chromatography  

Preparative HPLC was carried out on a Dionex UltiMate 
HPLC system consisting of an LPG-3200BX pump (20 
ml/min), a Rheodyne 9725i injector, a 10-mL loop, an MWD-
3000SD detector (214, 254nm), and an AFC-3000SD auto-
mated fraction collector using a Gemini-NX C18 column (21.2 
× 250 mm, 5 μm, 110Å); Mobile phase A:  0.1% TFA, 100% 
H2O (v/v). Mobile phase B:  0.1% TFA, 10% H2O, 90% 
MeCN (v/v/v). Gradient: varied according to the specific 
compound separation. Data were acquired and processed using 
the Chromeleon Software v. 6.80. 

Chiral Liquid Chromatography 

Analytical HPLC was carried out on a Dionex UltiMate 
HPLC system consisting of an LPG-3400A pump (0.4 
ml/min), a WPS-3000L autosampler, and a DAD-3000D diode 
array detector (214, 254nm), using a Crownpak CR(-) (4.0 × 
150 mm, 5 μm); Mobile phase A:  0.1% TFA, 100% H2O 
(v/v). Mobile phase B:  0.1% TFA, 10% H2O, 90% MeCN 
(v/v/v). Gradient: 0-30 min 0% MP B. Data were acquired and 
processed using the Chromeleon Software v. 6.80. 

Preparative HPLC was carried out on a Dionex UltiMate 
HPLC system consisting of an LPG-3200BX pump (20 
ml/min), a Rheodyne 9725i injector, a 10-mL loop, an MWD-
3000SD detector (214, 254nm), and an AFC-3000SD auto-
mated fraction collector using a Crowpak CR(+) (10.0 x 150 
mm, 5 μm) Mobile phase A:  0.1% TFA, 100% H2O (v/v). 
Mobile phase B:  0.1% TFA, 10% H2O, 90% MeCN (v/v/v). 
Gradient: 0-30 min 0% MP B. Data were acquired and pro-
cessed using the Chromeleon Software v. 6.80. 

 

(1S,5R)-1-(Hydroxymethyl)-3-oxabicyclo[3.1.0]hexan-2-
one (5). Ethyl ester 1 (16.7 g, 98.1 mmol) was dissolved in 
300 ml of absolute EtOH. NaOH (4 g, 100.0 mmol) in flakes 
crunched to small pieces was then added to the solution. 
300ml of absolute EtOH was added. Stirring at r.t. overnight. 
NaBH4 (18.6 g, 491.7 mmol) was then added. Addition of 
CaCl2 (10.9 g, 98.2 mmol) was performed batchwise due to the 
production of bubbles. Solution was put on reflux for 3 h. The 
mixture was allowed to cool to r.t. and then put in ice batch 
(0°C). 300 ml of HCl 2N was then added. The EtOH solvent 
was evaporated in the rotary evaporator (~510ml of solvent 
evaporated) and then 600 ml of HCl 2N was added to the 
solution. Stirring overnight. The solution was then put in the 
rotary evaporator to make sure that all EtOH had been evapo-
rated (it is very important for the reaction workup). Washing 
of the aqueous phase in Et2O (5 x 400ml). The aqueous phase 
was then put in a continuous extraction apparatus. About 500 
ml of DCM was put in the refluxing flask and about 200 ml of 
DCM was put together with the aqueous phase in the cylindric 
tube of the apparatus. The continuous extraction was per-
formed over the course of 5 days. The DCM collected in the 
refluxing flask was exchanged with 500 ml of pure DCM 
every day. Orange-brownish watery substance with white 
precipitate (10.3 g, 82% yield) was collected. TLC Rf1 = 0.54 
(60% EtOAc, 10% AcOH in heptane v/v) open lactone, Rf2 = 0 
(60% EtOAc, 10% AcOH in heptane v/v) reduced open lac-
tone, Rf3 = 0.20 (80% EtOAc in heptane v/v) product; 1H 

NMR (400 MHz, Chloroform-d) δ 4.34 (dd, J = 9.3, 4.8 Hz, 
1H), 4.18 (d, J = 9.3 Hz, 1H), 4.06 (d, J = 12.3 Hz, 1H), 3.69 
(d, J = 12.3 Hz, 1H), 2.30 (dt, J = 7.8, 4.6 Hz, 1H), 1.32 (dd, J 
= 7.7, 5.0 Hz, 1H), 1.00 (t, J = 4.7 Hz, 1H); 13C NMR (151 
MHz, Chloroform-d) δ 177.5, 69.0, 60.7, 30.6, 22.0, 16.4. 

 

Ethyl (1S,5R)-2-oxo-3-oxabicyclo[3.1.0]hexane-1-

carboxylate (6). Following the procedure of Park et al., metal-
lic Na (7.9 g, 344.1 mmol) was cut to small pieces and added 
in 500 ml of dry EtOH at 0°C.13 N2 flow was applied in the 
flask. After 2 h the ice-bath was removed and the solution was 
stirred at r.t. until all the Na was dissolved. Diethylmalonate 
(57.3 g, 357.8 mmol) was added at 0°C dropwise over 35 min. 
The ice bath was removed and the solution allowed to warm to 
r.t. (R)-epichlorohydrin (30.1 g, 325.0 mmol) was added over 
the course of an hour with a syringe pump. The mixture was 
put on reflux overnight. After 24 h the reaction was stopped. 
The mixture was filtered through celite and washed with 
EtOH. The solvent was evaporated and 150 ml of DCM was 
added. Washing of the organic phase with brine (2 x 100ml). 
Extraction of the aqueous phase in DCM (2 x 100ml). Drying 
of organic phases in Mg2SO4, filtration and concentration in 
vacuum. Purification was done by flash column chromatog-
raphy (d/l = 5/15 cm) with the eluent system 20-55% EtOAc 
in heptane v/v. The compound was collected as a clear oil 
(22.1 g, 41% yield). TLC Rf = 0.38 (50% EtOAc in heptane 
v/v); 1H NMR (400 MHz, Chloroform-d) δ 4.34 (dd, J = 9.4, 
4.8 Hz, 1H), 4.23 (qd, J = 7.2, 2.1 Hz, 2H), 4.16 (d, J = 9.5 
Hz, 1H), 2.71 (dt, J = 8.4, 5.3 Hz, 1H), 2.05 (dd, J = 8.1, 4.8 
Hz, 1H), 1.35 (t, J = 5.1 Hz, 1H), 1.29 (t, J = 7.2 Hz, 3H); 13C 

NMR (101 MHz, Chloroform-d) δ 170.6, 166.8, 67.1, 62.1, 
29.4, 28.0, 20.8, 14.2. 

 

(1R,5R)-1-(Iodomethyl)-3-oxabicyclo[3.1.0]hexan-2-one 

(7). Alcohol 2 (113 mg, 882.0 μmol) was dissolved in 5 ml 
DCM and cooled to 0 °C. Ph3P (832 mg, 317.0 mmol) and 
imidazole (215 mg, 316.0 mmol) was added followed by I2 
(614 mg, 242.0 mmol). The solution was stirred for 4 hours 
and then washed with saturated aqueous sodium thiosulfate. 
The aqueous phase was extracted with ethyl acetate and the 
combined organic phases evaporated under reduced pressure. 
The residue was purified with a chromatographic column to 
yield lactone-iodide 7 (31 mg, 15% yield). 1H NMR (600 
MHz, Chloroform-d) δ 4.35 (dd, J = 9.3, 4.7 Hz, 1H), 4.12 (d, 
J = 9.3 Hz, 1H), 3.87 (d, J = 10.9 Hz, 1H), 3.12 (d, J = 10.9 
Hz, 1H), 2.26 (dt, J = 8.0, 4.7 Hz, 1H), 1.49 (dd, J = 7.9, 5.1 
Hz, 1H), 1.43 (t, J = 5.0 Hz, 1H). 

 

((1S,5R)-2-Oxo-3-oxabicyclo[3.1.0]hexan-1-yl)methyl 4-
methylbenzenesulfonate (8). Alcohol 5 (2.1 g, 16.1 mmol) 
was dissolved in 50 ml of dry THF. 10 min later TsCl (4.6 g, 
24.1 mmol) was added followed by the addition of DMAP 
(203 mg, 1.7 mmol) and Et3N (6.8 g, 67.1 mmol). The solution 
was stirred at r.t. After 42 h, the reaction was stopped. 60 ml 
of HCl 1M was added. Addition of 50 ml EtOAc and extrac-
tion of the two phases formed. Extraction of the aqueous phase 
with EtOAc (5 x 50ml). Collection of all organic phases. 
Washing with brine (2 x 150ml). Evaporation of organic phas-
es. The compound was then put on a flask and 10 ml of n-
heptane was added. The solution was stirred for 10 min and 
then the heptane solvent was carefully decanted. The proce-
dure was repeated 5 times (in total 50 ml of heptane was used) 



 

after which most of the red colouring of the compound had 
washed off. The compound was filtered in vacuum and 
washed with heptane (10 ml) to yield the product as a white 
solid (3.3 g, 67% yield). TLC Rf = 0.44 (60% EtOAc in hep-
tane v/v); 1H NMR (400 MHz, Chloroform-d) δ 7.96 – 7.70 
(m, 2H), 7.36 (d, J = 8.1 Hz, 2H), 4.67 (d, J = 11.4 Hz, 1H), 
4.29 (dd, J = 9.3, 4.7 Hz, 1H), 4.15 (d, J = 9.3 Hz, 1H), 3.99 
(d, J = 11.4 Hz, 1H), 2.45 (m, 4H), 1.45 – 1.30 (m, 1H), 1.08 
(t, J = 5.0 Hz, 1H); 13C NMR (101 MHz, Chloroform-d) δ 
174.6, 145.3, 132.6, 130.1, 128.1, 68.3, 67.9, 27.9, 22.3, 21.8, 
17.6. 

PS: The addition of HCl should be done at 0°C when the 
reaction is performed in a large scale. 

 

(1R,5R)-1-(Chloromethyl)-3-oxabicyclo[3.1.0]hexan-2-

one (9). Alcohol 2 (2.1 g, 16.0 mmol) was dissolved in 80 ml 
of dry DCM. TsCl (4.6 g, 24.2 mmol), DMAP (216 mg, 1.8 
mmol) and Et3N (4.9 g, 8.0 mmol) were subsequently added. 
Stirring at r.t. overnight. Addition of 32 ml HCl 1M. Addition 
of 20 ml DCM. Extraction. Washing of the organic phase with 
brine (3 x 40ml). Extraction of the aqueous phase with DCM 
(2 x 100ml). Drying of organic phases in Mg2SO4, filtration 
and concentration in vacuum. Purification was done by flash 
column chromatography (d/l = 5/9 cm) with the eluent system 
20-60% EtOAc in heptane v/v. The tosylate 4 was collected as 
a white solid (1.3g, 39% yield). The chloride byproduct 5 as a 
yellow viscous oil (364 mg, 28% yield). TLC Rf = 0.40 (50% 
EtOAc in heptane v/v); 1H NMR (400 MHz, Chloroform-d) δ 
4.36 (dd, J = 9.3, 4.7 Hz, 1H), 4.27 (d, J = 12.1 Hz, 1H), 4.19 
(d, J = 9.3 Hz, 1H), 3.48 (d, J = 12.1 Hz, 1H), 2.39 (dt, J = 
7.9, 4.7 Hz, 1H), 1.47 (dd, J = 7.9, 5.2 Hz, 1H), 1.16 (t, J = 4.9 
Hz, 1H); 13C NMR (151 MHz, Chloroform-d) δ 175.1, 68.4, 
42.5, 30.7, 22.9, 19.2; MS m/z (+ESI) found: MH+ 147.0, 
149.0 (3:1), (C6H8ClO2

+ requires 147.02, 149.02, 3:1). 

 

(1S,5R)-1-(Azidomethyl)-3-oxabicyclo[3.1.0]hexan-2-one 
(10). NaN3 (1.2 g, 18.0 mmol) was dissolved in H2O (5 ml) 
and added slowly to a slurry of 8 (3.4 g, 12.0 mmol) in THF 
(1.5 ml). The solution was put on reflux. After 90 min the 
solution was left to cool at r.t. Addition of 7 ml EtOAc and 
8ml of brine and extraction. The aqueous phase was extracted 
again in EtOAc (5 x 20ml). Collection of organic phases. 
Washing with brine (2 x 40ml). Drying in MgSO4, filtration 
and concentration in vacuum. The compound was collected as 
a brown-orange watery substance (1.46 g, 80% yield, 96% 
purity based on NMR). The yield increased up to 98% follow-
ing the same procedure. TLC Rf = 0.39 (50% EtOAc in hep-
tane v/v); IR  (CDCl3/cm-1)  

νmax  = 2099.95, 1758.92;  1H 

NMR (600 MHz, Chloroform-d) δ 4.34 (dd, J = 9.4, 4.7 Hz, 
1H), 4.18 (d, J = 9.3 Hz, 1H), 3.91 (d, J = 13.5 Hz, 1H), 3.37 
(d, J = 13.5 Hz, 1H), 2.31 (dt, J = 7.7, 4.6 Hz, 1H), 1.33 (dd, J 
= 7.8, 5.1 Hz, 1H), 1.03 (t, J = 4.8 Hz, 1H); 13C NMR (101 
MHz, Chloroform-d) δ 175.7, 68.5, 49.8, 28.3, 22.0, 16.7; an. 

HPLC (system A) tR = 2.15 min. 

PS: When working with azide compounds extra care should 
be applied due to their explosive nature. Avoidance of acidic 
conditions and chlorinated solvents was prioritized during 
these experiments. 

 

(1S,2R)-1-(Azidomethyl)-N,N-diethyl-2-

(hydroxymethyl)cyclopropane-1-carboxamide (11). Follow-

ing the procedure by Alliot et. al., AlCl3 (1.6 g, 12.1 mmol) 
was suspended in dry toluene (10 ml) and then Et2NH (1.8 g, 
24.2 mmol) was added over 10 min.15 Azide 10 (1.4 g, 9.1 
mmol) dissolved in dry toluene (8 ml) was added to the reac-
tion mixture over 10 min. Formation of a viscous slurry. Addi-
tion of dry toluene (2 ml) and heating slowly up to 60°C for 10 
min until the slurry was dissolved into an orange solution. 
Stirring at r.t. for 110 min. KHSO4 1M (18 ml) was added and 
the solution was stirred for 5 min.  Addition of EtOAc (60 ml) 
and filtration of the solution. Extraction of the 2 phases. Ex-
traction of the aqueous phase with EtOAc (10 x 20ml). Drying 
of organic phases in Mg2SO4, filtration and concentration in 
vacuum. The compound was collected as a yellow-brownish 
watery substance (1.6 g, 77% yield). TLC Rf = 0.17 (50% 
EtOAc in heptane v/v); IR  (CDCl3/cm-1)  

νmax  = 3402.36, 
2095.95, 1605.65;  1H NMR (400 MHz, Chloroform-d) δ 3.95 
(dd, J = 12.3, 4.5 Hz, 1H), 3.80 (dq, J = 14.3, 7.2 Hz, 1H), 
3.68 (dd, J = 13.0, 0.9 Hz, 1H), 3.41 (dtq, J = 34.9, 13.8, 7.1 
Hz, 3H), 3.15 (d, J = 13.0 Hz, 1H), 2.90 (dd, J = 12.3, 10.6 
Hz, 1H), 1.38 (ddd, J = 10.5, 5.1, 3.6 Hz, 1H), 1.21 (t, J = 7.1 
Hz, 3H), 1.13 (t, J = 7.1 Hz, 3H), 1.05 (dd, J = 8.8, 5.7 Hz, 
1H), 0.82 (td, J = 5.7, 0.9 Hz, 1H); 13C NMR 101 MHz, Chlo-
roform-d) δ 170.4, 64.3, 58.1, 42.1, 39.8, 30.4, 25.5, 14.9, 
14.1, 12.6. 

 

(1S,2R)-1-(Azidomethyl)-N,N-diethyl-2-

formylcyclopropane-1-carboxamide (12). Following a 
slightly modified procedure than the one by Eom, et al., oxalyl 
chloride (1.9 ml, 22.2 mmol) was dissolved in 13 ml of dry 
DCM at -78°C.17 DMSO (4.8 ml, 67.6 mmol) dissolved in 8 
ml of dry DCM was added dropwise at -78°C.  After 50 min 
11 (1.48 g, 6.54 mmol) dissolved in 6.5 ml of dry DCM was 
added dropwise. After 45 min triethylamine (9.5 ml, 68.2 
mmol) was added at -78°C over 10 min. After 130 min, the 
solution was allowed to warm at r.t. 60 ml of KHSO4 1M was 
added and the solution stirred for 10 min. Vacuum cotton 
filtration and washing with DCM (10 ml). Extraction of the 
two phases. Extraction of the aqueous phase with DCM (5 x 
30ml). Drying of organic phases in Mg2SO4, filtration and 
concentration in vacuum. The compound was collected as a 
dark red oil (1.39 g, 97% yield, minor solvent impurities and 
2% of (CH3)2S present). TLC Rf= 0.67 (80% EtOAc in hep-
tane v/v); IR  (CDCl3/cm-1)  νmax = 2097, 1709, 1626; 1H NMR 
(400 MHz, Chloroform-d) δ 9.07 (d, J = 5.1 Hz, 1H), 3.80 – 
3.74 (m, 1H), 3.68 (m, 1H), 3.41 (m, 3H), 3.30 (d, J = 12.9 
Hz, 1H), 2.12 (dt, J = 8.3, 5.5 Hz, 1H), 1.93 (t, J = 5.6 Hz, 
1H), 1.49 (dd, J = 8.3, 5.6 Hz, 1H), 1.24 (t, J = 7.1 Hz, 3H), 
1.12 (t, J = 7.1 Hz, 3H); 13C NMR (151 MHz, Chloroform-d) 
δ 197.6, 166.4, 55.7, 41.7, 39.7, 35.9, 32.6, 17.7, 14.1, 12.7; 
an. HPLC (system A) tR = 1.47min; MS m/z (+ESI) found: 
MH+ 225.2, (C10H17N4O2

+ requires 225.27). 

 

(1S,2R)-2-(Amino(cyano)methyl)-1-(azidomethyl)-N,N-

diethylcyclopropane-1-carboxamide (13). According to a 
modified procedure by Shu et al., NH4Cl (90 mg, 1.68 mmol) 
was added to neat compound 12 (181 mg, 0.81 mmol) and the 
mixture was dissolved in 8 ml of dry MeOH and stirred at r.t.18 
After 150 min KCN (68 mg, 1.04 mmol) was added to the 
solution. Stirring at r.t. After 22 h the reaction mixture was 
filtered through celite and washed with 30 ml of MeOH. The 
solvent was evaporated to dryness and redissolved in 20 ml of 
Et2O. The solution was filtered through celite and washed with 



 

30 ml of Et2O. Concentration of solvent in vacuum. The crude 
compound was collected as yellow oil (247 mg, estimated 
quantitative crude yield). Both diastereomers present in a ratio 
of about 1:0.8. TLC Rf1= 0.71 (imine), Rf2= 0.91 (aminoni-
trile) (1:1:1:1, i-PrOH, AcOH, H2O, MeCN); 1H NMR (one 
diastereomer) (600 MHz, Chloroform-d) δ 4.96 (d, J = 5.4 Hz, 
1H), 3.82 – 3.78 (m, 1H), 3.62 (d, J = 13.0 Hz, 1H), 3.54 – 
3.46 (m, 2H), 3.43 (d, J = 7.1 Hz, 1H), 3.29 (d, J = 14.1 Hz, 
1H), 1.62 (dt, J = 9.0, 5.9 Hz, 1H), 1.44 – 1.40 (m, 1H), 1.30 
(t, J = 7.1 Hz, 3H), 1.27 (d, J = 3.3 Hz, 1H), 1.21 (t, J = 7.2 
Hz, 3H).; 1H NMR (other diastereomer) (600 MHz, Chloro-
form-d) δ 3.85 – 3.81 (m, 1H), 3.76 – 3.73 (m, 1H),  3.57 (d, J 
= 13.1 Hz, 1H), 3.55 – 3.53 (m, 1H), 3.41 (d, J = 2.9 Hz, 1H), 
3.36 – 3.31 (m, 2H), 1.70 (ddd, J = 10.3, 8.6, 5.7 Hz, 1H), 1.26 
– 1.23 (m, 4H), 1.15 (t, J = 7.1 Hz, 3H), 1.04 (t, J = 6.0 Hz, 
1H). 13C NMR (101 MHz, Chloroform-d) δ 169.4, 169.2, 
118.3, 117.5, 63.7, 62.1, 57.2, 56.6, 42.5, 42.3, 40.3, 40.0, 
31.0, 29.6, 27.8, 25.1, 15.9, 14.8, 14.0, 13.7, 12.5, 12.3; an. 

HPLC (System A) tR = 2.74min; MS m/z (+ESI) found: MH+ 
251.3, 251.2, (C11H19N6O+ requires 251.31). 

PS: The 2 diastereomers are reported separately in the 1H 
spectrum. The crude spectrum is difficult to interpret. 

 

Methyl (1S,2R)-1-(azidomethyl)-2-formylcyclopropane-

1-carboxylate (16). Lactone 10 (2.6 g, 16.7 mmol) was dis-
solved in 50 ml of MeOH and then NaOH (680 mg, 17.0 
mmol) in 11 ml of H2O was added. After 120 min, the solvent 
was co-evaporated with toluene (5 x 30ml). The flask was 
washed with N2. Dissolution in 22 ml dry DMSO and 11ml 
dry toluene and addition of Me2SO4 (1.9 ml, 20.0 mmol). After 
120 min, the toluene was evaporated. Addition of 40 ml 
EtOAc and 40 ml of brine. Extraction of the two phases. The 
aqueous phase was extracted with EtOAc (5 x 40ml) and 
DCM (5 x 40ml). The combined organic phases were dried in 
Mg2SO4. Filtration and concentration in vacuum. The flask 
was washed with N2. DMP (14.2 g, 33.4 mmol) and dry DCM 
(40 ml) were then sequentially added. Stirring at r.t. overnight. 
Addition of 80 ml of a saturated NaHCO3 solution containing 
a 7-fold excess of Na2S2O3 and stirring for 15 min. Separation 
of phases. Extraction of aqueous phase in DCM (10 x 60ml). 
The combined organic phases were evaporated to a smaller 
volume and washed with brine (1 x 100 ml). Drying of organic 
phases in Mg2SO4, filtration and concentration in vacuum. 
Addition of Et2O (10 ml), filtration and washing with Et2O (5 
ml) and EtOAc (5 ml). Further purification was done by flash 
column chromatography (d/l = 3/9 cm) with pure EtOAc as 
eluent. The compound was collected as a crystalline solid in a 
brown oil of low viscosity (1.98 g, 65% yield). TLC Rf1 = 0 
(40% EtOAc in heptane, 10% NH4OH v/v), Rf2 = 0.29 (40% 
EtOAc in heptane, 10% AcOH v/v) carboxylate anion, Rf3 = 
0.15 (40% EtOAc in heptane, 10% NH4OH v/v) methylester 
alcohol, Rf4 = 0.56 (50% EtOAc in heptane v/v); 1H NMR 
(400 MHz, Chloroform-d) δ 9.30 (d, J = 5.8 Hz, 1H), 3.77 (s, 
3H), 3.65 (d, J = 13.1 Hz, 1H), 3.35 (d, J = 13.1 Hz, 1H), 2.14 
(dd, J = 6.8, 5.5 Hz, 1H), 2.07 – 1.96 (m, 1H), 1.51 (dd, J = 
8.7, 5.4 Hz, 1H); 13C NMR (101 MHz, Chloroform-d) δ 
198.2, 170.3, 54.3, 53.0, 35.1, 32.9, 18.5; HPLC (system A) tR 
=  1.66 min; MS m/z (-ESI) found: M-H+ 168.0 (hydrolyzed 
ester), (C6H6N3O3

- requires 168.13). 

 

Methyl (1S,2R)-2-(amino(cyano)methyl)-1-

(azidomethyl)cyclopropane-1-carboxylate (17). In a modi-

fied procedure by Shu et al., NH4Cl (254 mg, 4.75 mmol) was 
added to neat compound 16 (421 mg, 2.30 mmol) and the 
mixture was dissolved in 19 ml dry MeOH.4 Stirring at r.t. 
After 2 h KCN (199 mg, 3.06 mmol) was added. Stirring at r.t. 
After 22 h the mixture was filtered through celite and the filter 
washed with 40 ml MeOH. The solvent was evaporated to 
dryness and then the solid was redissolved in Et2O. Celite 
filtration. The filter was washed with 100 ml Et2O. Concentra-
tion of organic solvents in vacuum. The compound was react-
ed crude in the next step. TLC Rf1= 0.70 (imine), Rf2= 0.98 
(a.nitrile) (1:1:1:1, i-PrOH, AcOH, H2O, MeCN); 1H NMR 
(600 MHz, Chloroform-d) δ 4.68 – 4.54 (m, 2H), 3.79 (s, 3H), 
3.78 (s, 3H), 3.56 (d, J = 5.3 Hz, 1H), 3.53 (d, J = 5.3 Hz, 1H), 
3.40 – 3.37 (m, 1H), 3.37 – 3.34 (m, 1H), 1.83 (td, J = 9.3, 7.1 
Hz, 1H), 1.76 (td, J = 8.8, 6.9 Hz, 1H), 1.59 – 1.53 (m, 1H), 
1.53 (dd, J = 7.0, 5.7 Hz, 1H), 1.35 – 1.31 (m, 1H), 1.28 (dd, J 
= 9.1, 5.6 Hz, 1H).); 13C NMR (151 MHz, Chloroform-d) δ 
177.23, 176.22, 175.79, 172.05, 171.95, 171.72, 171.62, 
119.41, 119.19, 117.66, 116.85, 78.36, 70.01, 68.69, 67.76, 
65.84, 59.66, 59.12, 54.89 – 54.26 (m), 53.26 – 52.83 (m), 
49.50, 49.31, 48.93, 44.17 – 43.77 (m), 30.99, 30.81, 30.38, 
29.05, 28.80 – 28.57 (m), 26.67, 26.45, 22.54, 21.73, 19.82, 
18.00, 16.49, 16.11.; MS m/z (+ESI) found: MH+ 210.2, 210.1, 
(C8H12N5O2

+ requires 210.22).  

 

 (S)-((1R,2S)-2-(Azidomethyl)-2-

carboxycyclopropyl)(carboxy)methanaminium (18a). 35 ml 
of HCl 8N was added to the crude product 18 (618 mg, 2.95 
mmol). The solution was heated to 75°C for 96 h.  The mix-
ture was evaporated to dryness. Purification was performed by 
reverse phase preparative HPLC (Eluent: 100% A). Com-
pound 19 was collected as a yellow sticky solid (142 mg, 23% 
yield) in a diastereomeric mixture (4:1, S/R). After subjecting 
the mixture to semi-preparative CrownPak chiral column (0-
15 min, 100% A, compound eluted at 9.1 min). Compound 
19a was collected as a transparent sticky solid (31 mg) as the 
pure S diastereomer after a 2nd reverse phase preparative 
HPLC (Eluent: 100% A). The overall yield of this 2-step reac-
tion from aldehyde 17 was 5%. More than 95% purity by 
analytical HPLC. TLC Rf= 0.76 (1:1:1:1, i-PrOH, AcOH, 
H2O, MeCN); IR  (CDCl3/cm-1)  νmax = 2926, 2105, 1699; 1H 

NMR (400 MHz, Deuterium Oxide) δ 4.28 (d, J = 10.8 Hz, 
1H), 3.60 (d, J = 13.4 Hz, 1H), 3.48 (d, J = 13.4 Hz, 1H), 1.82 
(ddd, J = 10.9, 8.6, 7.0 Hz, 1H), 1.64 (dd, J = 7.0, 5.5 Hz, 1H), 
1.47 (dd, J = 8.7, 5.5 Hz, 1H); 13C NMR (101 MHz, Deuteri-
um Oxide) δ 175.1, 171.1, 54.6, 51.5, 29.1, 26.0, 18.7; an. 

HPLC (System B) tR = 3.40min; MS m/z (+ESI) found: MH+ 
215.1, (-ESI) found: M-H+ 213.1, (C7H11N4O4

+ requires 215.08 
and C7H9N4O4

- 213.06). 

 

Methyl (1R,2S,5S)-5-(azidomethyl)-4-oxo-3-

azabicyclo[3.1.0]hexane-2-carboxylate (21). Compound 18a 
(10 mg, 0.047 mmol) was dissolved in 2.5 ml MeOH and 
transferred to a 5-ml flask. Degassing with N2. Addition of 
SOCl2 (0.1 ml, 1.38 eq.) at 0°C. Solution allowed to warm to 
r.t. After 20 min the solution was put on reflux overnight. 
Addition of 0.6 ml Et2O and 0.6 ml of K2CO3 1 M in H2O. 
Multiple extractions. The combined organic phases were dried 
in Mg2SO4. Filtration and concentration in vacuum. The prod-
uct was collected as a brown oil (2.4 mg, 25% crude yield). It 
was used crude to the subsequent reaction. TLC Rf1= 0.83, 
dimethyl ester open form, Rf2= 0.87, product, (1:1:1:1, i-



 

PrOH, AcOH, H2O, MeCN v/v); 1H NMR (400 MHz, Chloro-
form-d) δ 4.45 (d, J = 6.1 Hz, 1H), 4.00 (d, J = 13.4 Hz, 1H), 
3.80 (s, 3H), 3.25 (d, J = 13.4 Hz, 1H), 2.33 (dddd, J = 7.8, 
6.0, 4.2, 1.6 Hz, 1H), 1.09 (dd, J = 7.8, 5.4 Hz, 1H), 1.02 (dd, 
J = 5.4, 4.2 Hz, 1H); 13C NMR (101 MHz, Chloroform-d) δ 
175.2, 170.5, 54.6, 52.8, 49.8, 30.0, 20.7, 14.0. 

 

(1R,2S,5S)-5-(Azidomethyl)-4-oxo-3-
azabicyclo[3.1.0]hexane-2-carboxylic acid (22a). 1 ml HCl 6 
N was added to compound 22 (2.4 mg, 0.011 mmol). Stirring 
at r.t. for 90 min. Evaporation of H2O. The product was col-
lected as a yellow oil (0.8 mg, 36% crude yield). TLC Rf= 
0.56 (1:1:1:1, i-PrOH, AcOH, H2O, MeCN v/v); 1H NMR 
(400 MHz, Deuterium Oxide) δ 4.64 (d, J = 6.3 Hz, 1H), 3.95 
– 3.86 (m, 1H), 3.38 (d, J = 13.9 Hz, 1H), 2.57 (td, J = 7.2, 4.3 
Hz, 1H), 1.25 (dd, J = 8.1, 5.4 Hz, 1H), 1.07 (q, J = 12.7, 8.8 
Hz, 1H); 13C NMR (151 MHz, Deuterium Oxide) δ 179.1, 
174.5, 55.5, 49.7, 30.6, 21.3, 13.7; MS m/z (-ESI) found: M-
H+ 195.3, (C7H7N4O3

- requires 195.16), (+ESI) found: MH+ 
197.0, (C7H9N4O3

+ requires 197.17). 

 

(1R,2R,5S)-5-(Azidomethyl)-4-oxo-3-

azabicyclo[3.1.0]hexane-2-carboxylic acid (22b). 20 ml of 
HCl 4 N was added to compound 17 (80 mg, 0.382 mmol) and 
the solution was stirred at r.t. for 5h. The solvent was then 
evaporated to dryness. The crude mixture was purified in 
preparative HPLC (eluent: 0-1 min, 0-10% solvent B, 1-5 min 
10-20% B, 5-10 min, 20-30% B, compound eluted at 6.50 
min). The compound was collected in a 3:2 (R/S) diastereo-
meric mixture (2.4 mg, 3%). 1H NMR (400 MHz, Methanol-
d4) δ 4.71 (s, 1H), 3.81 (d, J = 13.6 Hz, 1H), 3.44 (d, J = 13.6 
Hz, 1H), 2.70 (dt, J = 7.8, 4.8 Hz, 1H), 1.48 (dd, J = 8.0, 5.1 
Hz, 1H), 1.13 (t, J = 4.9 Hz, 1H); 13C NMR (101 MHz, Meth-
anol-d4) δ 176.3, 173.1, 77.4, 49.9, 28.5, 26.6, 16.7; MS m/z (-
ESI) found: M-H+ 195.0, (C7H7N4O3

- requires 195.16), (+ESI) 
found: MH+ 197.1, (C7H9N4O3

+ requires 197.17). 

 

(1R,5R)-1-((Tritylthio)methyl)-3-oxabicyclo[3.1.0]hexan-

2-one (23). A solution of KOtBu (582 mg, 5.19 mmol) and 
Ph3CSH (574 mg, 2.08 mmol) in 10 ml THF was prepared and 
cooled to 0 °C. Compound 8 (488 mg, 1.73 mmol) in 8.5 ml 
THF was added and the solution was stirred for 2 hours before 
allowing it to warm to r.t. and then stirred for another 18 
hours. The pH was then adjusted to 2 with 1 M HCl and the 
organic phase washed with a solution of H2O, NaCl. The 
aqueous phase was extracted with EtOAc and the combined 
organic phases were dried over Mg2SO4, filtered and then 
concentrated under vacuum. The crude oil was purified over 
two recrystallizations in Et2O to yield the compound as a 
white solid (630 mg, 94%). TLC Rf= 0.60 (50% EtOAc in 
heptane v/v); 1H NMR (600 MHz, Chloroform-d) δ 7.47 – 
7.40 (m, 6H), 7.30 (dd, J = 8.5, 7.0 Hz, 6H), 7.24 – 7.20 (m, 
3H), 4.17 (dd, J = 9.1, 4.7 Hz, 1H), 4.04 (d, J = 9.2 Hz, 1H), 
3.01 (d, J = 13.0 Hz, 1H), 2.20 (d, J = 13.0 Hz, 1H), 1.87 (dt, J 
= 7.9, 4.6 Hz, 1H), 1.01 (dd, J = 7.8, 4.9 Hz, 1H), 0.87 (t, J = 
4.7 Hz, 1H); 13C NMR (151 MHz, Chloroform-d) δ 176.6, 
144.5, 129.7, 128.1, 126.9, 68.5, 67.1, 30.6, 27.5, 22.4, 18.5; 
MS m/z (+ESI) found: MH+ 145.0, (C6H9O2S+ requires 
145.20), (trityl group: cleaved in the acidic conditions of the 
MS experiment). 

 

Methyl (1R,2R)-2-formyl-1-

((tritylthio)methyl)cyclopropane-1-carboxylate (25). Com-
pound 23 (1.18 g, 305 mmol) was dissolved in 9 ml THF and 
then NaOH (151 mg, 3.66 mmol) dissolved in 1.6 ml H2O was 
added. After 3 h the solvent was co-evaporated with toluene (3 
x 10 ml). The flask was then washed with N2. Addition of 6.5 
ml anhydrous DMSO and 3.3 ml of anhydrous toluene. 
Me2SO4 (0.35 ml, 3.66 mmol) was then added to the solution. 
After 1 h the toluene was evaporated. Addition of 10 ml of an 
aqueous solution of CaCl2 3 M and extraction in EtOAc (5 x 
20 ml) and DCM (5 x 15 ml). Collection of organic phase, 
drying in Mg2SO4, filtration and solvent evaporation. Oxalyl 
chloride (1.3 ml, 15.25 mmol) was dissolved in 8 ml of anhy-
drous DCM at -78°C. DMSO (2.2 ml, 30.5 mmol) dissolved in 
4 ml of anhydrous DCM was then slowly added at -78°C. 
After 20 min, the crude reaction mix, dissolved in 3 ml of 
anhydrous DCM was added dropwise at -78°C.  After 10 min 
Et3N (8.5 ml, 61.0 mmol) was added over 5 min at -78°C. 
After 45 min the reaction was allowed to warm to r.t. Addition 
of 15 ml of a 3 M aqueous solution of CaCl2 and extraction in 
DCM (5 x 20 ml) (The aqueous phase was filtered off after the 
3rd extraction in DCM to get rid of a white sludge). Collection 
of all organic phases and washing in brine (1 x 100 ml). Dry-
ing in Mg2SO4, filtration, evaporation to dryness. The crude 
orange oil was purified by flash chromatography (d/l = 4/11 
cm) with the eluent system of 5-25% EtOAc in P.Spirit in 
fractions of 25ml. The product was collected as white crystals 
(308 mg, 24%). TLC Rf1 = 0 (50% EtOAc in heptane, v/v), Rf2 
= 0.49 (50% EtOAc in heptane, 10% AcOH v/v) carboxylate 
anion, Rf3 = 0.22 (50% EtOAc in heptane, 10% NH4OH v/v) 
methylester alcohol, Rf4 = 0.63 (50% EtOAc in heptane v/v) 
product; 1H NMR (600 MHz, Chloroform-d) δ 9.13 (d, J = 6.0 
Hz, 1H), 7.43 (d, J = 7.7 Hz, 6H), 7.29 (t, J = 7.6 Hz, 6H), 
7.22 (t, J = 7.3 Hz, 3H), 3.76 (s, 3H), 2.86 (d, J = 12.4 Hz, 
1H), 2.05 (d, J = 12.4 Hz, 1H), 1.99 (t, J = 6.1 Hz, 1H), 1.67 
(dt, J = 8.9, 6.5 Hz, 1H), 1.00 (dd, J = 8.7, 5.4 Hz, 1H); 13C 

NMR (151 MHz, Chloroform-d) δ 198.5, 170.6, 144.5, 129.7, 
128.1, 127.0, 67.2, 52.9, 37.9, 36.6, 33.1, 19.9; MS m/z (-ESI) 
found: M-H+ 401.4, (C25H21O3S- requires 401.50), (meth-
ylester group: cleaved in the acidic conditions of the MS ex-
periment). 

 

 Methyl (1R,2R)-2-(amino(cyano)methyl)-1-
((tritylthio)methyl)cyclopropane-1-carboxylate (26). Com-
pound 25 (284 mg, 0.68 mmol) was dissolved in 2 ml anhy-
drous THF and then NH4Cl (74 mg, 1.38 mmol) and 4 ml of 
anhydrous MeOH were added. After 2 h KCN (63 mg, 0.97 
mmol) was added to the solution. Stirring at r.t. overnight. 
Solution was filtered through celite. Washing of the filter with 
MeOH (20 ml). Evaporation of solvent to dryness. Addition of 
10 ml Et2O and filtration through celite. Washing of the filter 
with Et2O (25 ml). Evaporation of solvent to dryness. The 
product was collected as yellow solid (220mg), 1:0.6 mix of 
diastereomers. The compound was used crude in the next 
reaction.  TLC Rf1= 0.69 (imine), Rf2= 0.83 (a.nitrile) (1:1:1:1, 
i-PrOH, AcOH, H2O, MeCN); 1H NMR (600 MHz, Chloro-
form-d) δ 7.44 (m, 6H), 7.29 (m, 6H) 7.22 (qd, 3H), 3.78 (s, 
3H), 3.07 (m, 1H), 2.46 (d, J = 12.5 Hz, 1H), 2.36 (d, J = 12.7 
Hz, 1H), 1.75 (m,  1H), 1.01 – 0.95 (m, 1H), 0.85 (dd, J = 8.8, 
5.3 Hz, 1H; 13C NMR (151 MHz, Chloroform-d) δ 175.74, 
174.19, 173.70, 172.14, 172.01, 145.24 – 144.07 (m), 129.93 – 
129.58 (m), 128.46 – 127.72 (m), 127.16 – 126.61 (m), 
122.79, 121.21, 120.71, 70.64, 67.23, 67.20, 67.10, 65.97, 



 

52.86, 52.80, 44.00, 43.82, 42.35, 42.17, 37.84, 36.80, 36.59, 
33.41, 33.33, 30.17, 30.14, 29.44, 28.73, 28.50, 22.27, 21.49, 
21.36, 18.05, 15.39. 

PS: Only the major diastereomer is depicted in the 1H spec-
trum.  

 

(1R,2R)-2-((S)-amino(carboxy)methyl)-1-

(mercaptomethyl)cyclopropane-1-carboxylic acid (27). To 
newly synthesized crude compound 26 (183 mg, 0.42 mmol) 
was added a N2 degassed solution of HCl 6N (9 mL) and the 
solution was then heated to 75°C for 26 h. The solvent was 
evaporated and the crude mix was purified in preparative 
HPLC. The product was collected as a white solid (8.4 mg, 
10% 2-step yield from aldehyde 26) in a 5:1 (S/R) diastereo-
meric mixture. 1H NMR (400 MHz, Deuterium Oxide) δ 4.23 
(d, J = 10.8 Hz, 1H), 2.91 (d, J = 14.2 Hz, 1H), 2.74 (d, J = 
14.3 Hz, 1H), 1.81 (ddd, J = 10.8, 8.6, 7.0 Hz, 1H), 1.69 – 
1.62 (m, 1H), 1.45 (dd, J = 8.6, 5.4 Hz, 1H); 13C NMR (101 
MHz, Deuterium Oxide) δ 175.4, 171.1, 51.8, 32.1, 28.8, 28.6, 
20.5; MS m/z (-ESI) found: M-H+ 204.3, (C7H10NO4S- re-
quires 204.22), (+ESI) found: M+H+ 206.1, (C7H12NO4S+ 
requires 206.24). 

 

(1S,5R)-1-((Allyloxy)methyl)-3-oxabicyclo[3.1.0]hexan-2-

one (28a). Allyl bromide (2.14 ml, 24.7 mmol) was added to a 
solution of NaH (659.2 mg, 16.48 mmol) in 40 ml of anhy-
drous DMF at 0°C. The ice bath was then removed and com-
pound 5 (1.06 g, 8.24 mmol) dissolved in 5 ml of anhydrous 
DMF was added dropwise to the solution. After 3.5 h the 
reaction was quenched with 30 ml of aqueous KHSO4 1 M. 
Extraction of the aqueous phase in EtOAc (3 x 40 ml). Collec-
tion of organic phases, washing with NaHCO3 (2 x 50 ml), 
aqueous 3M CaCl2 1 x 50 ml) and brine (2 x 50 ml) and drying 
with MgSO4. Evaporation to dryness. The crude mixture was 
purified by flash column chromatography (d/l = 3.5/10 cm) 
with the eluent system of 15-20% EtOAc in heptane v/v in 
fractions of 25 ml to yield the product as a yellow oil (837 mg, 
60%). 1H NMR (400 MHz, Chloroform-d) δ 5.87 (ddt, J = 
17.1, 10.3, 5.6 Hz, 1H), 5.27 (dq, J = 17.2, 1.7 Hz, 1H), 5.18 
(dq, J = 10.4, 1.4 Hz, 1H), 4.33 (dd, J = 9.2, 4.7 Hz, 1H), 4.17 
(d, J = 9.2 Hz, 1H), 4.08 (d, J = 10.8 Hz, 1H), 4.02 (ddd, J = 
5.6, 3.5, 1.7 Hz, 2H), 3.43 (d, J = 10.8 Hz, 1H), 2.30 (dt, J = 
7.8, 4.6 Hz, 1H), 1.33 (dd, J = 7.7, 4.8 Hz, 1H), 0.96 (t, J = 4.7 
Hz, 1H); 13C NMR (151 MHz, Chloroform-d) δ 176.48, 
134.46, 117.44, 72.26, 68.53, 67.29, 28.85, 21.78, 16.32. 

 

(1S,5R)-1-((Benzyloxy)methyl)-3-oxabicyclo[3.1.0]hexan-
2-one (28b). Benzyl 2,2,2-trichloroacetimidate (790 mg, 3.14 
mmol) was added to a solution of 5 (201.2 mg, 1.57 mmol) in 
3 ml of anhydrous 1,4-dioxane. TfOH (18.9 μl, 0.21 mmol) 
was then added. After 2 h the reaction solution was diluted 
with DCM (3 ml) and then a saturated aqueous solution of 
NaHCO3 (3 ml) was added. Extraction and the organic phase 
was washed with a saturated aqueous solution of NaHCO3 (2 x 
4 ml) and brine (3 x 4 ml). Evaporation of the organic phase to 
dryness. The crude mixture was purified by flash column 
chromatography with the eluent system of 20-30% EtOAc in 
heptane (v/v) in fractions of 8 ml. The product was collected 
as a yellowish oil (269 mg, 78%). 1H NMR (400 MHz, Chlo-
roform-d) δ 7.41 – 7.27 (m, 5H), 4.60 (d, J = 12.1 Hz, 1H), 
4.53 (d, J = 12.1 Hz, 1H), 4.29 (dd, J = 9.2, 4.8 Hz, 1H), 4.19 

– 4.10 (m, 2H), 3.47 (d, J = 10.7 Hz, 1H), 2.27 (dt, J = 7.8, 4.6 
Hz, 1H), 1.33 (dd, J = 7.7, 4.8 Hz, 1H), 0.97 (t, J = 4.7 Hz, 
1H); 13C NMR (151 MHz, Chloroform-d) δ 176.54, 129.88, 
128.56, 127.91, 127.82, 73.41, 68.57, 67.48, 28.92, 21.90, 
16.4. 

 

Methyl (1S,2R)-1-((allyloxy)methyl)-2-

formylcyclopropane-1-carboxylate (30a). Compound 28a 
(748 mg, 4.45 mmol) was dissolved in 13 ml MeOH and then 
NaOH (182 mg, 4.55 mmol) dissolved in 3 ml H2O was added. 
After 100 min the solvent was co-evaporated with toluene (5 x 
10 ml). The flask was then washed with N2. Addition of 6 ml 
anhydrous DMSO and 3 ml of anhydrous toluene. Me2SO4 
(0.51 ml, 5.34 mmol) was then added to the solution. After 2 h 
the toluene was evaporated. Addition of 10 ml of EtOAc and 
10 ml of an aqueous solution of CaCl2 3 M. Extraction. The 
aqueous phase was extracted in EtOAc (3 x 20 ml) and DCM 
(3 x 20 ml). Collection of all organic phases, drying in 
Mg2SO4, filtration and solvent evaporation. The crude yellow 
oil was put on a flask and was washed with N2. Addition of 
DMP (3.8 g, 8.96 mmol) and then 10 ml of anhydrous DCM. 
After 2.5 h the mixture was added 20 ml of a saturated Na-
HCO3 aqueous solution containing a 7-fold excess of NaS2O3 
was added. Stirring for 15 min. Filtration of the white sludge 
and washing of the filter with DCM (15 ml) and H2O (10 ml).  
Extraction. The aqueous phase was extracted in DCM (4 x 40 
ml). Collection of all organic phases and washing with brine 
(1 x 180 ml). Drying in Mg2SO4, filtration, evaporation to 
dryness. The product was collected as a yellow oil with white 
solid (423 mg, 48% 2-step yield from lactone 28a). The prod-
uct was deemed pure enough to proceed to the next reaction 
(impurities: 1.8% DMSO). TLC Rf1 = 0 (80% EtOAc in hep-
tane, v/v), Rf2 = 0.58 (50% EtOAc in heptane, 10% AcOH v/v) 
carboxylate anion, Rf3 = 0.51 (60% EtOAc in heptane, 10% 
NH4OH v/v) methylester alcohol, Rf4 = 0.70 (60% EtOAc in 
heptane v/v) product; 1H NMR (400 MHz, Chloroform-d) δ 
9.27 (m, 1H), 5.82 (m, 1H), 5.22 (dq, J = 17.2, 1.6 Hz, 1H), 
5.15 (dq, J = 10.4, 1.5 Hz, 1H), 3.96 (dt, J = 5.7, 1.5 Hz, 2H), 
3.78 (dd, J = 10.1, 1.6 Hz, 1H), 3.71 (d, J = 1.5 Hz, 3H), 3.49 
(d, J = 10.2 Hz, 1H), 2.14 – 2.01 (m, 2H), 1.57 (tt, J = 6.6, 3.2 
Hz, 1H); 13C NMR (101 MHz, Chloroform-d) δ 199.27, 
170.68, 134.27, 117.43, 72.16, 70.05, 52.62, 34.05, 33.64, 
17.50;  

 

 Methyl (1S,2R)-1-((benzyloxy)methyl)-2-

formylcyclopropane-1-carboxylate (30b). To lactone 28b 
(361.4 mg, 1.66 mmol) dissolved in 7 ml of MeOH, was added 
NaOH (82 mg, 2.05 mmol) in H2O (1.5 ml). After 2 h the 
solvent was evaporated and the crude mixture was redissolved 
in anhydrous DMSO (2 ml) and anhydrous toluene (1 ml). 
Me2SO4 (188 mL, 1.99 mmol) was subsequently added. After 
70 min the toluene was evaporated. Addition of 3 ml of EtOAc 
and 3 ml of brine. Extraction. The aqueous phase was extract-
ed in more EtOAc (3 x 5 ml). Collection of all organic phases, 
drying in Mg2SO4, filtration and solvent evaporation. The 
crude material was put in a flask and was washed with N2. 
Addition of 8 ml DCM and then DMP (1.41 g, 3.32 mmol). 
After 85 min 1 ml of aqueous NaOH 1 M was added and the 
solution was extracted in DCM. The organic phase was 
washed with brine and dried over Mg2SO4. Evaporation to 
dryness. The crude material was purified by flash column 
chromatography (d/l = 3/14 cm) with the eluent 25-50% 



 

EtOAc in heptane (v/v) in fractions of 10 ml. The product was 
collected as a clear oil (246 mg, 60% 2-step yield from lactone 
28b). 1H NMR (400 MHz, Chloroform-d) δ 9.30 (d, J = 5.9 
Hz, 1H), 7.44 – 7.27 (m, 5H), 4.53 (s, 2H), 3.84 (d, J = 10.0 
Hz, 1H), 3.74 (s, 3H), 3.54 (d, J = 10.1 Hz, 1H), 2.11 (m, 2H), 
1.59 (m, 1H); 13C NMR (151 MHz, Chloroform-d) δ 199.35, 
170.75, 137.77, 128.58, 127.98, 127.81, 73.31, 70.17, 52.71, 
34.18, 33.72, 17.64; MS m/z (+ESI) found: M+Na+ 271.2, 
(C14H16NaO4

+ requires 271.09), M+Na+ 289.3, (C14H18NaO5
+ 

requires 289.10) (hydrate form). 

 

 Methyl (1S,2R)-1-((allyloxy)methyl)-2-

(amino(cyano)methyl)cyclopropane-1-carboxylate (31a). 
NH4Cl (224 mg, 4.19 mmol) was added to 30a (414 mg, 2.09 
mmol) and the mixture was dissolved in 5 ml of anhydrous 
MeOH. After 2 h KCN (183 mg, 1.35 mmol) was added and 
the solution was stirred at r.t. After 23 h the reaction solution 
was filtered through celite and the filter was washed with 
MeOH (40 ml). Evaporation of the solvent to dryness. The 
white solid was redissolved in Et2O (10 ml) and the filter was 
washed with Et2O (10 ml) and EtOAc (50 ml). The solution 
was evaporated to dryness. The product was collected as an 
orange oil (432 mg) and proceeded immediately to the next 
reaction. TLC Rf1= 0.62 (imine), Rf2= 0.93 (a.nitrile) (1:1:1:1, 
i-PrOH, AcOH, H2O, MeCN); 1H NMR (400 MHz, Chloro-
form-d) δ 5.85 – 5.76 (m, 2H), 5.27 (q, J = 5.3, 4.0 Hz, 1H), 
4.69 – 4.62 (m, 1H), 4.05 (d, J = 4.1 Hz, 2H), 3.71 (s, 3H), 
3.56 (d, J = 10.1 Hz, 1H), 3.48 (d, J = 10.9 Hz, 1H), 1.97 – 
1.88 (m, 1H), 1.54 – 1.47 (m, 1H), 1.46 – 1.39 (m, 1H).13C 

NMR (101 MHz, Chloroform-d) δ 176.38, 134.27, 117.74, 
117.51, 72.34, 66.88, 52.94, 44.08, 31.34, 21.81, 15.81. 

PS: Only one diastereomer is reported in the 1H and 13C 
spectrum. 

 

 Methyl (1S,2R)-2-(amino(cyano)methyl)-1-

((benzyloxy)methyl)cyclopropane-1-carboxylate (31b). 
Compound 30b (41 mg, 0.165 mmol) was dissolved in anhy-
drous MeOH (2 ml) and NH4Cl (17.7 mg, 53.49 mmol) was 
then added. After 20 min KCN (13.7 mg, 0.21 mmol) was 
added to the solution. After 45 min 1 ml of a saturated aque-
ous NaHCO3 solution was added. Extraction with EtOAc (3 x 
2 ml). Collection of organic phases and washing with brine (6 
ml). Drying with MgSO4, filtration and evaporation to dryness. 
The compound was collected as yellow oil. It was used crude 
to the next reaction. (1:1.3 diastereomeric mixture). 1H NMR 
(400 MHz, Chloroform-d) δ 7.45 – 7.28 (m, 5H), 4.71 (dd, J = 
8.3, 3.6 Hz, 1H), 4.53 (d, J = 1.7 Hz, 2H), 3.77 (d, J = 3.9 Hz, 
3H), 3.73 – 3.56 (m, 2H), 1.87 (m, 1H), 1.52 (dd, J = 6.9, 5.3 
Hz, 1H), 1.36 (ddd, J = 8.7, 7.2, 5.3 Hz, 1H); 13C NMR (151 
MHz, Chloroform-d) δ 173.60, 172.69, 137.87, 137.81, 
128.61, 128.59, 128.02, 127.97, 127.86, 127.82, 119.32, 
118.91, 73.26, 73.23, 70.56, 60.08, 59.46, 53.08, 52.96, 30.10, 
29.29, 29.28, 29.06, 17.79, 17.07. 

 

 

(1S,2R)-1-((allyloxy)methyl)-2-((S)-

amino(carboxy)methyl)cyclopropane-1-carboxylic acid 
(32a). NaOH (440 mg, 11 mmol) dissolved in 11 ml of H2O 
was added to compound 32a (245 mg, 1.09 mmol) and the 
reaction was heated to 70°C. After 40 h the solution was al-
lowed to cool to r.t. Addition of 12 ml HCl 1 N to quench the 

reaction. Filtration and solvent evaporation to dryness. The 
crude yellow solid was purified in preparative HPLC (eluent: 
3% solvent B, isocratic, compound eluted at 3.5 min). The 
product was collected as a crystal-like solid (21.9 mg, 9%) in a 
7:1 (S/R) diastereomeric mixture. 1H NMR (400 MHz, Deu-
terium Oxide) δ 5.93 (m, 1H), 5.30 (m, 2H), 4.22 (d, J = 10.8 
Hz, 1H), 4.07 (dq, J = 6.0, 1.7, 1.3 Hz, 2H), 3.96 (dd, J = 10.9, 
1.2 Hz, 1H), 3.38 (dd, J = 10.9, 0.9 Hz, 1H), 1.79 (ddd, J = 
11.0, 8.5, 6.9 Hz, 1H), 1.62 (m, 1H), 1.43 (m, 1H); 13C NMR 
(101 MHz, Deuterium Oxide) δ 175.00, 170.72, 133.67, 
118.41, 72.17, 71.94, 51.38, 29.36, 25.39, 17.77; MS m/z (-
ESI) found: M-H+ 228.3, (C10H14NO5

- requires 228.22), (+ESI) 
found: MH+ 230.1, (C10H16NO5

+ requires 230.24). 

PS: Both diastereomers are reported in the spectra. 

 

 (1S,2R)-2-((S)-amino(carboxy)methyl)-1-
((benzyloxy)methyl)cyclopropane-1-carboxylic acid (32b). 
1.8 ml of 4 N HCl was added to crude compound 31b (40.1 
mg, 0.15 mmol) and the solution was heated to 70°C.  After 4 
h the solvent was evaporated to dryness. The crude mixture 
was purified in preparative HPLC (eluent: 0-40% B, 0-3 min, 
40-75% B, 3-17 min, compound eluted at 14.3 min). The 
product was collected as a clear oil (3.2 mg, 7% 2-step yield 
from aldehyde 31b, in a 1:1 mix with the R diastereomer). 1H 

NMR (600 MHz, Methanol-d4) δ 7.47 – 7.12 (m, 5H), 4.95 
(d, J = 5.2 Hz, 1H), 4.76 (s, 1H), 4.55 (m, 4H), 4.13 (d, J = 
10.9 Hz, 1H), 4.10 (d, J = 7.1 Hz, 1H), 4.08 (d, J = 11.3 Hz, 
1H), 3.49 (d, J = 11.2 Hz, 1H), 3.43 (d, J = 11.0 Hz, 1H), 2.64 
(dt, J = 7.7, 4.8 Hz, 1H), 2.54 (dd, J = 7.8, 4.4 Hz, 1H), 1.43 
(dd, J = 7.8, 5.0 Hz, 1H), 1.27 (d, J = 5.2 Hz, 1H), 1.15 (t, J = 
4.8 Hz, 1H), 1.04 (t, J = 4.7 Hz, 1H); 13C NMR (151 MHz, 
Methanol-d4) δ 177.67, 176.90, 172.69, 171.85, 139.41, 
139.36, 129.44, 129.33, 128.89, 128.82, 128.79, 128.65, 
77.07, 76.07, 74.27, 73.82, 68.64, 67.89, 30.93, 29.07, 26.13, 
25.45, 16.58, 13.60; MS m/z (+ESI) found: MH+ 280.1, 
(M+Na)+ 302.1, (C14H18NO5

+ requires 280.30, C14H17NNaO5
+ 

requires 302.10). 

 

(1S,2R)-2-((S)-amino(carboxy)methyl)-1-

(hydroxymethyl)cyclopropane-1-carboxylic acid (32c). 11 
ml of 4 N HCl was added to crude compound 31a (164 mg, 
0.73 mmol) and the solution was heated to 70°C. After 40 h 
the solvent was evaporated to dryness. The crude mixture was 
purified in preparative HPLC (eluent: 3% solvent B, isocratic, 
compound eluted at 3.14 min). The compound was collected 
as white solid (21.9 mg, 17%). 1H NMR (400 MHz, Deuteri-
um Oxide) δ 4.20 (d, J = 10.9 Hz, 1H), 3.86 (d, J = 12.1 Hz, 
1H), 3.48 (d, J = 12.1 Hz, 1H), 1.72 (dt, J = 10.6, 7.4 Hz, 1H), 
1.53 (t, J = 6.1 Hz, 1H), 1.36 (dd, J = 8.5, 5.3 Hz, 1H); 13C 

NMR (101 MHz, Deuterium Oxide) δ 175.42, 170.83, 64.13, 
51.46, 30.92, 25.21, 17.60; MS m/z (-ESI) found: M-H+ 188.2, 
(C7H10NO5

- requires 188.16), (+ESI) found: MH+ 190.0, 
(C7H12NO5

+ requires 190.17). 

 

 (1R,2R)-N,N-Diethyl-2-(hydroxymethyl)-1-

((tritylthio)methyl)cyclopropane-1-carboxamide (33). AlCl3 
(246 mg, 1.85 mmol) was suspended in 5 ml of anhydrous 
toluene. Et2NH (380 μl, 3.67 mmol) was then added followed 
by addition of compound 24 (540 mg, 1.40 mmol) in 2 ml 
anhydrous toluene. The reaction was stirred for 24 h and then 
quenched with 8 ml 0.1M KHSO4. The organic phase was 



 

washed with water and brine and the aqueous phase was fur-
ther extracted with EtOAc and DCM. The combined organic 
phases were dried over MgSO4 and concentrated to dryness. 
The crude material was purified by flash column chromatog-
raphy to yield the pure product (452 mg, 70%); 1H NMR (600 
MHz, Chloroform-d) δ 7.42 – 7.37 (m, 6H), 7.29 – 7.24 (m, 
6H), 7.22 – 7.17 (m, 3H), 3.90 (dd, J = 12.3, 4.6 Hz, 1H), 3.56 
(dq, J = 14.3, 7.1 Hz, 1H), 3.43 (dq, J = 14.1, 7.1 Hz, 1H), 
3.29 (ddq, J = 24.4, 14.2, 7.1 Hz, 2H), 2.86 (dd, J = 12.3, 10.6 
Hz, 1H), 1.24 (dddd, J = 10.6, 8.7, 5.9, 4.6 Hz, 1H), 1.15 (t, J 
= 7.1 Hz, 3H), 1.07 (t, J = 7.1 Hz, 3H), 0.81 (dd, J = 8.6, 5.3 
Hz, 1H), 0.68 (t, J = 5.6 Hz, 1H). 

 

 (1R,2R)-N,N-Diethyl-2-formyl-1-

((tritylthio)methyl)cyclopropane-1-carboxamide (34). Ox-
alyl chloride (0.7 ml, 8.1 mmol) was dissolved in 10 ml of 
anhydrous DCM at -78°. After 20 min DMSO (1.4 ml, 19.5 
mmol) in 0.9 ml DCM was added. After an additional 20 min 
compound 33 (1.87 g, 4.07 mmol) dissolved in 9 ml DCM was 
added at -78°C. After 30 min Et3N (4.1 ml, 29.7 mmol) in 0.9 
DCM was added over 10 min. The solution was stirred for 
another 10 min at -78°C and then the reaction was allowed to 
slowly warm to r. t. using an ice bath. Then the mixture was 
quenched with water and washed thoroughly with brine. The 
aqueous phase was extracted in EtOAc and the combined 
organic phases were dried over MgSO4 and then concentrated 
to dryness. The crude material was deemed pure enough to 
continue in subsequent reactions (1.71 g, 91.8%). 1H NMR 
(400 MHz, Chloroform-d) δ 8.86 (d, J = 5.7 Hz, 1H), 7.40 (dd, 
J = 7.6, 1.7 Hz, 6H), 7.34 – 7.24 (m, 6H), 7.24 – 7.16 (m, 3H), 
3.42 (dq, J = 14.7, 7.4 Hz, 1H), 3.33 (dd, J = 14.3, 7.2 Hz, 
1H), 3.24 (dq, J = 14.1, 7.5 Hz, 1H), 3.11 (dq, J = 14.2, 7.0 
Hz, 1H), 2.65 (d, J = 12.2 Hz, 1H), 2.10 (d, J = 12.2 Hz, 1H), 
1.91 (dt, J = 8.2, 5.7 Hz, 1H), 1.83 (t, J = 5.6 Hz, 1H), 1.30 – 
1.19 (m, 1H), 1.09 (t, J = 7.1 Hz, 3H), 1.01 (t, J = 7.1 Hz, 3H).  

 

(1R,2R)-2-((S)-Cyano(((R)-2-hydroxy-1-

phenylethyl)amino)methyl)-N,N-diethyl-1-
((tritylthio)methyl)cyclopropane-1-carboxamide (35). Ac-
cording to a procedure by Pellicciari et al., compound 34 (500 
mg, 1.09 mmol) was dissolved in 7.5 ml MeOH and R-
phenylglycinol (165 mg, 1.20 mmol) was added.5 The mixture 
was stirred for 2 h and then TMSCN (0.27 ml, 2.19 mmol) 
was added and the solution was stirred for an additional 72 h. 
The solvent was evaporated to dryness. The crude material 
was purified by flash column chromatography. The product 
was collected as a white solid (365 mg, 55%). 1H NMR (600 
MHz, Chloroform-d) δ 7.34 – 7.27 (m, 7H), 7.26 – 7.17 (m, 
9H), 7.16 – 7.11 (m, 3H), 3.92 (dd, J = 7.7, 4.5 Hz, 1H), 3.75 
(s, 1H), 3.70 (dt, J = 8.7, 4.0 Hz, 1H), 3.62 (dt, J = 10.9, 6.6 
Hz, 1H), 3.48 (h, J = 7.1 Hz, 2H), 3.36 (dq, J = 14.1, 7.1 Hz, 
1H), 3.17 (ddt, J = 24.7, 14.4, 7.1 Hz, 2H), 2.50 (d, J = 12.2 
Hz, 1H), 2.12 (d, J = 12.2 Hz, 1H), 1.97 (t, J = 3.1 Hz, 1H), 
1.11 (dt, J = 9.0, 6.0 Hz, 1H), 1.01 (tt, J = 12.5, 6.5 Hz, 7H), 
0.75 (dd, J = 8.9, 6.0 Hz, 1H). 

PS: One diastereomer was predominantly produced. 

 

(1R,1′R,2R,2′R)-1,1′-(disulfanediylbis(methylene))bis(2-

((S)-amino(carboxy)methyl)cyclopropane-1-carboxylic 
acid) (36). Compound 35 (543 mg, 0.90 mmol) was dissolved 
in 3.5 ml DCM and 3.5 ml MeOH. The solution was cooled to 

0 °C and then Pb(OAc)4 (439 mg, 0.99 mmol) was added. 
After 20 min the reaction was quenched with 5 ml H2O and 
then filtered through celite. The solvent was evaporated to 
dryness and the residue was dissolved in 12 ml HCl 6 N and 
refluxed for 72 h. The aqueous phase was extracted with Et2O 
and then evaporated to dryness. The crude material was puri-
fied in preparative HPLC. Traces of product were collected 
(<1mg, <1%) in a mixture with its epimer on the α position. 
1H NMR (600 MHz, Deuterium Oxide) δ 4.14 (m, 1H), 3.12 
(m, 2H), 1.91 (m, 1H), 1.64 (dt, J = 7.1, 5.0 Hz, 1H), 1.55 (dd, 
J = 8.7, 5.4 Hz, 1H); 13C NMR (151 MHz, Deuterium Oxide) 
δ 175.39 , 171.38, 52.10, 44.46, 29.92, 27.57, 19.56; MS m/z 
(-ESI) found: M-H+ 407.4, (C14H19N2O8S2

- requires 407.43), 
(+ESI) found: MH+ 409.45 (C14H21N2O8S2

+ requires 409.45), 
(M+2H+)/2 205.1, (C14H22N2O8S2

2+ requires 205.23). 

PS: Peaks for one diastereomer are reported.  

 

 (1S,2R)-1-(Azidomethyl)-2-(cyano(((R)-1-phenyl-2-
((trimethylsilyl)oxy)ethyl)amino)methyl)-N,N-
diethylcyclopropane-1-carboxamide (37). Aldehyde 12 (496 
mg, 2.21 mmol) was dissolved in 11 ml of dry t-BuOH and 
was added R-phenylglycinol (408 mg, 2.97 mmol). After 3 h 
TMSCN (0.55 ml, 4.40 mmol) was added dropwise and the 
solution was stirred for 24 h. The solvent was then evaporated 
to dryness. The crude compound was collected as a brown oil 
of low viscosity (1.1 g). One diastereomer was predominantly 
collected. No yield was calculated for this intermediate com-
pound. TLC Rf1= 0.77 (imine), Rf2= 0.88 (aminonitrile) 
(1:1:1:1, i-PrOH, AcOH, H2O, MeCN); 1H NMR (400 MHz, 
Chloroform-d) δ 7.42 – 7.30 (m, 5H), 4.09 (dd, J = 8.5, 4.0 
Hz, 1H), 3.90 (d, J = 6.6 Hz, 1H), 3.85 – 3.68 (m, 2H), 3.67 – 
3.58 (m, 3H), 3.53 (dd, J = 10.0, 8.4 Hz, 1H), 3.46 – 3.32 (m, 
1H), 2.95 (d, J = 12.9 Hz, 1H), 1.24 – 1.00 (m,8H), 0.95 (dd, J 
= 8.9, 6.0 Hz, 1H), 0.09 (s, 9H).13C NMR (101 MHz, Chloro-
form-d) δ 167.90, 140.77, 128.53, 128.16 – 127.81, 127.12, 
118.62, 67.71, 63.45, 57.38, 51.27, 30.19, 25.49, 15.29, -0.46; 
MS (acidic conditions) m/z (+ESI) found: MH+ 371.1, 
(C19H27N6O2

+ requires 371.46) (alcohol), (basic conditions) 
m/z (+ESI) found: MH+ 443.2, (C22H35N6O2Si+ requires 
443.65) (silyl ether). 

PS: The 1H NMR spectrum is not clear due to the presence 
of impurities and the presence of both diastereomers. Only the 
major diastereomer is reported. In the 13C spectrum the 4 
peaks for the two non-equivalent ethyl groups on the amide 
(CH2CH3) are missing. They are in fact seen as small blurry 
peaks (42.0, 39.72 and 12.52, 14.01). Due to the slow bond 
rotation of the amide bond they cannot be clearly observed. 

 

2-((1R,2S)-2-(Azidomethyl)-2-
(diethylcarbamoyl)cyclopropyl)-2-(((R)-2-hydroxy-1-
phenylethyl)amino)acetic acid (38), (1S,2R)-1-(azidomethyl)-
N,N-diethyl-2-((5R)-2-oxo-5-phenylmorpholin-3-
yl)cyclopropane-1-carboxamide (38a). 26 ml of HCl 8 N was 
added to aminonitrile 37 (770 mg, 1.74 mmol) and the solution 
was heated to 70°C for 8 h. The solution was then evaporated 
to dryness and was purified in preparative HPLC (0-10 min, 0-
10% B, 10-18 min, 10-30% B). Two main fractions were 
collected. One fraction (F1) at 10.03 min, contained the major 
diastereomer of 40 with its lactonized form 40a, while in the 
other one (F2) at 10.74 min, there was a mixture of mostly the 
other (minor) diastereomer of 40. The pure diastereomer (F1 
fraction) was collected as a clear sticky solid (167 mg, 26% 



 

two-step yield from aldehyde 12, d.r. 3:1) Overall the yield for 
both diastereomers was 46% (two-step from aldehyde 12). It 
was not possible to assign absolute stereochemistry on the 
compounds. F1 was 85% pure according to the LC-MS analy-
sis. It was not possible to separate 40 from its lactonized form 
40a. A mixture of both compounds was used in the next reac-
tion.  

38 and 38a (F1 fraction-major diastereomer): IR  
(CDCl3/cm-1)  

νmax = 3352, 2104, 1748, 1675, 1607; 1H NMR 
(600 MHz, Methanol-d4) δ 7.58 – 7.46 (m, 5H), 4.58 (dd, J = 
8.7, 3.3 Hz, 1H), 4.14 (ddd, J = 12.5, 9.0, 7.6 Hz, 1H), 4.06 – 
3.97 (m, 1H), 3.88 – 3.84 (m, 1H), 3.83 – 3.78 (m, 1H,), 3.73 
– 3.58 (m, 3H), 3.49 – 3.41 (m, 1H), 3.34 – 3.31 (m, 1H), 1.57 
– 1.44 (m, 3H), 1.33 (td, J = 7.1, 2.3 Hz, 3H), 1.26 (td, J = 7.1, 
4.8 Hz, 3H); 13C NMR (151 MHz, Methanol-d4) δ 171.64, 
171.47, 169.04 (split), 135.55, 134.82, 131.05, 130.87, 130.51 
(split), 129.18, 128.95, 64.64, 64.19, 64.09 (split), 63.10, 
62.80, 57.63, 57.46, 43.80, 41.22 (split), 32.34, 32.17, 24.19, 
23.89, 18.46, 18.17, 13.95 (split), 12.76 (split); an. HPLC 
(System A) tR =  1.78min; MS m/z (+ESI) found: MH+ 390.1, 
(C19H28N5O4

+ requires 390.46), (-ESI) found: M-H+ 388.1, 
(C19H26N5O4

- requires 388.45). The lactone form 40a cannot 
be observed as it is hydrolyzed to the open form in the condi-
tions of the MS experiment. 

Minor diasteromer (F2 fraction): IR  (CDCl3/cm-1)  
νmax = 

2981, 2104, 1747, 1671, 1561; 1H NMR (600 MHz, Metha-
nol-d4) δ 7.48 (q, J = 2.9 Hz, 5H), 4.57 (dd, J = 9.7, 4.5 Hz, 
1H), 4.08 (dd, J = 11.9, 9.7 Hz, 1H), 3.92 (dd, J = 11.9, 4.4 
Hz, 1H), 3.70 – 3.62 (m, 1H), 3.60 (d, J = 13.3 Hz, 1H), 3.48 – 
3.23 (m, 5H), 1.66 (ddd, J = 10.7, 8.7, 6.1 Hz, 1H,), 1.51 (dd, 
J = 8.8, 6.3 Hz, 1H, 1), 1.14 (t, J = 7.1 Hz, 3H), 0.98 (t, J = 7.1 
Hz, 3H), 0.86 (t, J = 6.3 Hz, 1H); 13C NMR (151 MHz, Meth-
anol-d4) δ 171.44, 169.09, 133.12, 131.53, 130.90, 129.68, 
65.49, 63.43, 59.87, 57.35, 43.96, 41.80, 32.87, 23.06, 18.13, 
13.85, 12.65; an. HPLC (System A) tR = 1.86min; MS (m/z 
(+ESI) found: MH+ 390.2, (C19H28N5O4

+ requires 390.46), (-
ESI) found: M-H+ 388.2 (C19H26N5O4

- requires 388.45). 

 

PS: In the 13C spectrum most of the carbon peaks appear 
split or as two peaks with a very similar chemical shift corre-
sponding to the same carbon. This is due to the presence of 40 
in the free and closed lactone form (40a). The minor diastere-
omer (F2 fraction) was not observed in the closed lactone 
form. 

 

 2-Amino-2-((1R,2S)-2-(azidomethyl)-2-
(diethylcarbamoyl)cyclopropyl)acetic acid (39). According 
to a modified procedure by Pellicciari et al., Pb(OAc)4 (65 mg, 
0.146 mmol) was added to a cold solution (0°C) of a mixture 
of 38 and 38a (28 mg, 0.072 mmol, calculated as the free acid) 
in 0.6 ml of a 1:1 mixture of anhydrous DCM, MeOH.25 After 
30 min 1 ml of H2O was added and the solution was stirred at 
r.t. for 10 min. The solution was then filtered through celite 
and washed with 3 ml of 1:1 mix DCM, MeOH and 1 ml H2O. 
The solvent was evaporated to dryness and the crude mixture 
was subjected to purification by preparative HPLC (0-1 min, 
0-10% B, 1-10 min, 10-40% B, compound eluted at 7.84 min). 
The acid 41 was collected as a pure diastereomer, as clear 
sticky solid (6.5 mg, 34% yield, 99.9% purity according to 
LC-MS). It was not possible to assign absolute stereochemis-
try on the compound. 1H NMR (600 MHz, Methanol-d4) δ 
3.79 (dqd, J = 14.3, 7.2, 1.8 Hz, 1H), 3.70 (dd, J = 13.2, 1.9 

Hz, 1H), 3.58 (tqd, J = 14.1, 7.1, 1.8 Hz, 2H), 3.33 (dq, J = 
3.4, 1.7 Hz, 2H), 3.29 (dt, J = 10.4, 1.9 Hz, 1H), 1.53 – 1.42 
(m, 3H), 1.30 (td, J = 7.1, 1.9 Hz, 3H), 1.18 (td, J = 7.1, 1.9 
Hz, 3H); 13C NMR (151 MHz, Methanol-d4) δ 171.31, 171.18, 
57.90, 57.21, 43.55, 40.91, 31.40, 24.13, 17.87, 13.97, 12.62; 
an. HPLC (System A) tR = 1.23min; MS m/z (+ESI) found: 
MH+ 270.1 (C11H20N5O3

+ requires 270.31), (-ESI) found: M-
H+ 268.1, (C11H18N5O3

- requires 268.30). 

 

Methyl 2-amino-2-((1R,2S)-2-(azidomethyl)-2-

(diethylcarbamoyl)cyclopropyl)acetate (40). The compound 
was produced as a byproduct in the reaction towards 39. In the 
preparatory HPLC purification (0-1 min, 0-10% B, 1-10 min, 
10-40% B) the compound was eluted at 8.21 min. 1H NMR 

(600 MHz, Methanol-d4) δ 3.86 (s, 3H), 3.78 – 3.69 (m, 2H), 
3.58 (dtd, J = 13.6, 7.1, 4.7 Hz, 2H), 3.52 (d, J = 10.5 Hz, 1H), 
3.27 (dd, J = 13.3, 5.5 Hz, 2H), 1.51 – 1.38 (m, 3H), 1.28 (t, J 
= 7.1 Hz, 3H), 1.16 (t, J = 7.1 Hz, 3H); 13C NMR (151 MHz, 
Methanol-d4) δ 171.09, 169.85, 57.69, 56.49, 53.81, 43.55, 
40.93, 31.61, 23.54, 17.68, 13.94, 12.59; an. HPLC (System 
A) tR = 1.30 min (acid), 1.89 min (ester). MS m/z (+ESI) 
found: MH+ 284.1 (C12H22N5O3

+ requires 284.34) ester, 270.1, 
(C11H20N5O3

+ requires 270.31), acid, (-ESI) found: M-H+ 
268.2, (C11H18N5O3

- requires 268.30) acid. The methyl ester is 
hydrolyzed in the conditions of the MS experiment. 

 

Pharmacology. The cDNAs encoding rat NMDA receptor 
subunits GluN1-1a (Genbank accession number U11418 and 
U08261; hereafter GluN1), GluN2A (D13211), GluN2B 
(U11419), GluN2C (M91563), and GluN2D (L31611) were 
provided by Dr. S. Heinemann (Salk Institute, La Jolla, CA), 
Dr. S. Nakanishi (Osaka Bioscience Institute, Osaka, Japan), 
and Dr. P. Seeburg (University of Heidelberg). The open read-
ing frame of GluN2B was edited without changing the amino 
acid sequence to remove a T7 RNA polymerase termination 
site.35 Xenopus oocytes were obtained from Rob Weymouth 
(Xenopus 1, Dexter, MI). The collagenase treatment and incu-
bation of oocytes, cRNA synthesis, and cRNA injections were 
performed as previously described.27 The oocytes were inject-
ed with cRNAs encoding GluN1 and GluN2 at a 1:2 ratio, and 
incubated at 17 °C in Barth′s solution containing (in mM) 88 
NaCl, 1 KCl, 2.4 NaHCO3, 0.82 MgSO4, 0.33 mM 
Ca(NO3)2, 0.91 CaCl2, 10 HEPES (pH 7.5 with NaOH) sup-
plemented with 100 IU/mL penicillin, 100 μg/mL streptomy-
cin and 50 μg/mL gentamycin (Invitrogen, Life Technologies, 
Paisley, UK). Two-electrode voltage-clamp recordings were 
performed 2-4 days post-injection at room temperature with a 
holding potential of −40 mV as previously described.31 The 
extracellular recording solution consisted of (in mM) 90 NaCl, 
1 KCl, 10 HEPES, 0.5 BaCl2 and 0.01 EDTA (pH 7.4 with 
NaOH). Ligands were dissolved in extracellular recording 
solution and applied to the oocyte by gravity-driven perfusion. 
Concentration-response data measured using two-electrode 
voltage-clamp electrophysiology were fitted to the Hill equa-
tion using GraphPad Prism software (GraphPad Software, San 
Diego, CA) to obtain EC50 values, Hill slopes, and the fitted 
maximal response for individual oocytes as previously de-
scribed.27 

 

X-ray crystallography. The DNA plasmid encoding a fu-
sion protein of the small ubiquitin-like modifier (SUMO) and 
the isolated GluN2A agonist binding domain was provided by 



 

Hiro Furukawa (Cold Spring Harbor Laboratory, Cold Spring 
Harbor, NY). The protein domain was expressed in E. coli 
OrigamiB (DE3) cells essentially as previously described.34, 36 
Purification and removal of the 6xHis-tag at the amino-
terminus and SUMO were performed as described 
previously.36 The purified GluN2A agonist binding domain 
(ABD) protein was dialyzed against a buffer of 10 mM 
HEPES (pH 7.0), 100 mM NaCl, and 1 mM L-glutamate for 
14-18 hours and then concentrated to 5.5 mg/ml for crystalli-
zation. After 2-4 days of incubation at 20 °C, crystals of the 
glutamate-bound GluN2A ABD w were obtained by mixing 
equal volume of protein complex with 0.2 M ammonium ace-
tate and 16-22% PEG 4000 reservoir solution. Crystals with 
bound 2′-butyl-(S)-CCG-IV were obtained by soaking the 
crystals against the reservoir solution with 10µM 2′-butyl-(S)-
CCG-IV for 24 hours followed by 100 µM 2′-butyl-(S)-CCG-
IV for at least 24 hours. Crystals were cryoprotected in reser-
voir solution containing 15% (v/v) glycerol and flash-frozen in 
liquid nitrogen. Diffraction data were collected at the Ad-
vanced Photon System SBC-CAT 19-ID beamline. Processing 
of images and model refinement were performed essentially as 
previously described33, 36, except that the initial phased map 
was determined by molecular replacement using a published 
glutamate-bound GluN2A ABD structure (PDB: 2A5S)29 as 
search model. Data collection and refinement statistics are 
shown in Table S1. Preparation of figures depicting crystal 
structures were performed with the PyMOL Molecular 
Graphics System (version 2.3) and using chain B from the 
GluN2A ABD structure in complex with 2′-butyl-(S)-CCG-
IV. Coordinates and structure factors for the GluN2A ABD 
structure in complex with 2′-butyl-(S)-CCG-IV was deposited 
in the Protein Data Bank with accession number 6ODL. 
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